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LMSC-HREC D162909

FOREWORD

This report represents the results of work performed
jointly by Liockheed's Huntsville Research & Engineering
Center, and Engineering Sciences Laboratory, Palo Alto,
California, for the NASA-Marshall Space Flight Center,
Alabama, under Exhibit A of Contract NAS8-25986.

Dr. Lynn D, Russell, Director of Engineering, Uni-
versity of Tennessee in Chattanooga, served as a consultant

on the study,

The NASA contract monitor for the study was Mr.
R, L. Middleton of the MSFC Astronautics Laboratory.
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SUMMARY

Studies have shown the need for refrigeration systems to provide low
temperatures in manned spacecraft. This is particularly true for adverse
orientation of the vehicle with respect to the sun for portidns of long term
missions. The absorption cycle potentially provides the needed refrigeration,
and could be operated with waste heat as opposed to electrical or shaft power
requirements of the vapor compression cycles. This study evaluated the
practical requirements of the absorption cycle and the effects of varying
operating parameters. No attempt was made to compare relatively the absorp-
tion cycle with the vapor compression cycle as previous studies had shown
similar potential performance, However, definitive performance data for a
spacecraft absorption cycle in zero-g was not available.

The literature was searched to determine the best fluids for a flight-type
absorption refrigerator. Fluids were selected on the basis of minimum system
weight, minimum radiator area, low power consumption, and safety and opera-
tional requirements. Safety requirements alone limited the selection to a small
number of fluids. Numerous fluid properties were compared with detailed graphs.
The requirement of a large latent heat of vaporization for the refrigerant and a
low freezing point narrowed the selection to refrigerants 21, 22, 11, 12, 114
and 216,

The requirements of a high absorbent boiling point and a large absorption
capability for the’absorbent fluid narrowed the absorbent selection to dimethyl
ether of tetraethylene glycol (DME-TEG). The requirement that the refrigerant
have a large negative deviation from Raoult's law in the absorbent narrows
the refrigerant to R-21 and R-22. For several other fluid properties, R-21,
R-22 and DME-TEG were seen to be desirable. From consideration of all

properties, the best fluid combination was found to be R-22 and DME-TEG.
iii
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Equations were developed which relate pressure, temperature and
concentration for a solution of refrigerant and absorbent for R-21 and R-22
in DME-TEG. Enthalpy equations were developed for each fluid as a function
of pressure and temperature. Equations defining the heat of mixing associ-

ated with mixture of each refrigerant in DME-TEG were also developed.

Refrigeration cycle equations were developed for an idealized absorption
refrigeration system with a subcooler and recuperator. The total system
was described along with each inherent assumption. No system inefficiencies
were considered in the analysis with the exception of an assumed efficiency

of 80 percent for the overall performance of the absorber and the generator.

Component weight equations were derived for system radiator com-
ponents (condenser and absorber), heat exchanges components (recuperator
and subcooler) and the system pump. The radiator weights were based on
an assumed radiator weight-density and incident heat. Heat exchangers were

based on correlations of existing flight exchangers.

Cycle inefficiencies were calculated to provide a measure of the validity
of assumptions made in the cycle analysis. Pressure drops, temperature
differentials, mass transfer resistances and expansion losses were examined.
The results indicated that the system lines,etc., can be sized so that the

assumptions made are reasonably valid.

Cycle, fluid and component weight equations were compiled into a
computer program for analyzing the refrigeration cycle. Three versions
of the program were developed, one nonautomated, one automated on weight
minimization and the last automated on radiator area minimization. Programs
for R-21 and R-22 were prepared, which were used to conduct parametric
analyses for the absorption refrigerator. Results revealed that the case pro-
viding a minimum radiator area was R-22 with a generator temperature of

450°F. The penalty for a lower temperature was substantial.

iv
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The effects of varying each parameter that was assumed to be at a '

fixed value were investigated. Each parameter was varied individually while

the others were held constant.

From the parametric analyses a test design condition was selected.
Safety and stability requirements resulted in the selection of R-22 and DME-TEG
with a radiator temperature of 250° F. ~ The program identified all design
conditions including temperatures, flow rates, enthalpies, pressurés an.d 7
concentrations at every point in the cycle. Weights and areas were defined

as well,

A test system was developed which is based on the test design conditions
selected, First, the absorber component was designed, fabricated and tested
individually to verify its performance at design conditions. The absorber
performed well at equilibrium design conditions. A detailed test procedure
is presented which includes steps for cleaning the system prior to being tested.
A motion picture, showing the view port at the absorber exit during operation,

was prepared and is available.

Next, the generator, separator and recuperator components were de-
signed, fabricated and installed with the absorber for closed loop testing of
the total absorbent flow loop. (The condenser and evaporator were simulated
with a cooler.) The total system was scaled to 1/53 of the total 35 kW system.
Detailed analyses used in determining the component designs are presented,
as well as detailed test procedures,

Each component in the total generator-absorber test system operated as
designed. Manual control of the total test system, as dictated by the limited
funds available for the study, resulted in instability during total system test.
As a result, operation was limited to only several minutes for each test.

Detailed test results are presented.

A pump-turbine motor study was conducted. Results indicate that a
positive displacement hydraulic motor should be used for pressure reduction

in the weak solution line and a throttle valve in the refrigerant line.

v
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Detailed conclusions and recommendations are presented. The general
conclusion of the study was that the zero-gravity absorption refrigeration
system is feasible for use as an environmental control refrigerating system
in space vehicles. Supporting conclusions are detailed. The primary recom-
mendation is that investigations into the zero-g absorption refrigeration system

should be continued. Specific recommendations are presented.
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NOMENCLATURE

area
speed of sound
specific heat

tube diameter

heat of mixing
heat of reaction

friction factor
function in Eq. (13)

fugacity of substance i in solution

fugacity of substance i in pure state

acceleration of gravity

enthalpy

high pressure (in condenser)

an equilibrium constant in Eq. 13
low pressure {in evaporator)
molecular weight Mach number
mass flow rate

pressure

LMSC-HREC D162909

partial pressure of vapor of substance i above the solution

vapor pressure of substance i

heat rate

heat of mixing

universal gas constant
temperature
overall heat transfer coefficient

core volume

ix
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W weight

WD weight density
axial position in flow channel
concentration

x; mole fraction of substance i in solution

Greek

a activity coefficient of substance i

% ratio of specific heat

AT temperature difference between fluid and wall

€ emissivity of radiators

M efficiency

p density

Pe core density

o Stephan-Boltzmann constant

Subsc riEts

a absorbent
abs absorber
cond condenser
e evaporator
eq equilibrium
g generator
Hx heat exchangers (subcooler and recuperator)
hi high value
in incident

£ liquid

fo low value

numbers as identified on Fig. 20

pump pump

r refrigerant
rec recuperator
sub subcooler

\Z vapor
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Section 1
INTRODUCTION

The advantages of using a refrigeration system in orbital vehicles to
provide low temperatures are well known. Basically, refrigeration enables a
substantial reduction in the size of radiators required to dump waste ECS
heat. The absorption refrigerator has the advantage over the standard vapor
compression refrigerator that it can operate on thermal energy rather than
shaft energy as required by the latter. This thermal energy is often avail-
able at no expense in space vehicles since high temperature waste heat from

thermal power sources is dumped overboard.

Absorption refrigeration is now used extensively for earth-bound re-
frigeration and air conditioning systems. In such systems, the absorption,
desorption and liquid/gas separation processes rely heavily ca gravity, |
Furthermore, commercial systems do not always make full use of the poten-
tial available in the cycle. Use of such a system in orbital applications re-
quires that the components which normally depend on gravity be operable in
both 1 g and neutral or greatly reduced gravity. The accomplishment of this
requires the development of capabilities which do not currently exist. Numer-
ous concepts for neutral g operation of the various components of an absorp-
tion refrigeration have been proposed. However, with the exception of tests
conducted on a zero gravity operable wick-type 1iquid/vapor separator, none
of the concepts proposed have been fabricated and tested. The next stép in
the natural progression of developing flight hardware is the design, fabrica-
tion and testing of a ground refrigeration system which is designed for opera-
tion in neutral gravity conditions. This document presents Lockheed's work

toward accomplishing that goal.
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Section 2
REFRIGERANT-ABSORBENT FLUID PROPERTY

2.1 FLUID LITERATURE SURVEY

Fluids to be used in refrigeration and cooling units fo

flight applications must fulfill a number of requirements.

-HREC D162909

DATA

r manned space

For example, the

safety requirements are quite important. The thermodynamic and trans-

port properties of the fluids considered should be such as to yield a low re-

frigerator weight and low power consumption for the requir

In addition, certain operational requirements must be satis

ed performance,

fied. Since no

single fluid exists that meets all the necessary requirements, establishing

certain criteria will aid in selecting the fluids that are best suited for the

application to absorption cooling systems.

For reasons of crew safety, the fluids should be:

1. Nontoxic,

2. Nonflammable, and present no explosion hazard when

they are in contact with air or oxygen.

From the thermodynamic point of view the following proper

desirable:

ties are most

3. The refrigerant should have a high latent heat of vapori-
zation at the evaporator temperature. (This will minimize

quantity of refrigerant to be circulated.)

4, Refrigerant and absorbent should display a strong mutual

affinity indicated by a strong negative deviation

from

Raoult's law. (This allows a large difference in concen-
tration between generator and absorber, and reduces the
amount of absorbent to be circulated. This has an impor-

tant consequence. The less absorbent used, th

e smaller

the amount of heat input required in the generator, and a

minimum heat input is generally desired.)
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5, The absorbent should have a relatively low vapor pressure
as compared to the refrigerant. (This will permit a clean
separation of refrigerant and absorbent in the generator.)

Finally, from the operational point of view, the following requirements should
be satisfied.
6. All fluids should be chemically stable and maintain the
liquid state within the range of operational temperatures.

7. All fluids and their decomposition products, if any, must
be non-corrosive toward the materials used in the system.

8. The fluids should have a low viscosity in order to minimize
pressure losses and maximize heat transfer in the system.

9. Pressures, in general, should not deviate extremely from
the ambient pressure in order to prevent bleeding and to
enhance light-weight construction.

The final choice of the appropriate refrigerant-absorbent combination from
among those which best satisfy the requirements outlined above depends on
the resulting weight of the refrigeration system for a given set of conditions.
As a rule, this selection is a compromise between conflicting desirable

properties.
2.1.1 TFluids Comparison

The safety requirements outlined above considerably limit the search
for suitable fluids, Table 1 presents a survey of inorganic and halogenated
organic refrigerants with respect to flammability, explosion hazard, and
toxicity. The hydrocarbons were deliberately excluded because, although
relatively nontoxic, they are highly flammable, and all of them present ex-
plosion hazards when they are combined with air or oxygen. Fluids which
are deficient in any of the criteria applied should thus not be considered.
For the same reasons, the lower alcohols, ethers, and amines should be
disregarded. Table 1 shows that, if safety is the overriding criterion, further
analysis can be restricted to COZ’NZO’SFé and HZO among the inorganic sub-
stances, and refrigerants 11, 12, 13, 13B1l, 14, 22, 23, 114, 115, 216, and

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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C318 among the halocarbon components. Necessarily, this survey is
limited to fluids for which detailed data are available on their thermo-

dynamic and transport properties (Refs. 1, 2 and 3).

The latent heats of vaporization of various refrigerants are compared
in Figs. 1 and 2. Figure 1 displays those of water, ammonia and carbon
dioxide with those of some typical refrigerants, while vaporization heats of

most of the halocarbon refrigerants are shown on a larger scale in Fig. 2.

It becomes immediately clear that water is the best refrigerant from
this aspect. Unfortunately, however, its relatively high melting temperature
makes it unsuitable for low temperature cooling. Ammonia would be next
best but it must be discarded for reasons of safety. Assuming an evaporator
temperature between -40 and 40°F, Fig. 2 shows clearly that, among the in-
organic substances, carbon dioxide and nitrous oxide deserve consideration.
Among the halocarbons, refrigerants 21, 22, 11, 12, 114, and 216 show the
largest heat of vaporization; R-21 has the highest, and R-216 the lowest.

Figure 3 shows the solubility characteristics of the best four organic
compounds, viz., refrigerants 21, 22, 11, and 12, in a mixture with dimethyl
ether of tetraethylene glycol (DME-TEG). Only R-21 and R-22 (Ref. 4) show
the desired negative deviation from Raoult's law while R-11 and R-12 (Refs.

4 and 5) display a positive deviation, very strong for R-12 and less for R-11,
Hydrogen bonding or lack of hydrogen bonding is considered to be a significant
factor in explaining the solubility characteristics noted in these solutions
(Ref, 4).

Absorbents other than DME-TEG were investigated by Thieme and
Albright (Ref. 6). It was reported that both, N, N-dimethyl formamide and
N, N-diethyl formamide are good solvents for refrigerants 21 and 22, in
particular as compared to DME-TEG on a weight basis. However, although

they perform well, based on solubility considerations, both have relatively
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low boiling points, which might cause problems in an absorption cooling
system. Vapor pressures of DME-TEG and refrigerants 21 and 22 are .
compared in Fig. 4, which also shows vapor pressures for water and other
"Ansul-Ethers'" (Ref. 7). The desirable low vapor pressure of DME-TEG
is particularly noteworthy. Note also the large difference in the boiling
point between DME-TEG and R-22. Vapor pressures of other refrigerants
and water are compared in Fig. 5. It is interesting to compare some of the
refrigerants with respect to their heats of evaporation and their vapor pres-
sures. Carbon dioxide and nitrous oxide, for example, have relatively large
heats of evaporation, but they also have very high vapor pressures. Their
use would therefore necessitate using relatively heavy equipment. This is
in contrast to water, which is distinguished by a large heat of vaporization

and very low vapor pressures, as seen from Figs. 1 and 5.

The remaining graphs illustrate the fluid properties that affect the
operational aspect of absorption refrigeration systems. Figure 6 displays
decomposition data for refrigerant 22 at typical generator temperatures
when it is in contact with various materials (Ref. 8; when the data indicated
decomposition values of less than 0.001%, they were plotted at 0.001%). From
these data it appears that, at least for R-22, chemical stability should be of
no concern. However, a cautionary remark is in order. Not only is it un-
certain how far these data apply to the refrigerant plus absorbent system,
but it should also be noted that aluminum is generally the least reactive metal
only because it is protected by an oxide film (Ref. 9). The data for R-22 and
oil were taken from Spauschus and Doderer (Ref. 10), and refer to a test
duration of 28 days only., Figure 7 depicts more analogous data for refrig-
erants 12, 114, and 115, Decomposition of refrigerant C-318, for example,
is less than 0.001% under all circumstances, and more precise data could
not be found. In general it can be said that, in the absence of oil but in the
presence of metal, the order of increasing stability is as follows: R-114 =
R-12 < R-22 < R-115 (Refs. 8 and 9). When a naphthenic oil is included, the
order is in general the same, according to Parmelee (Ref. 8). As a general
rule it can also be said that the simpler, chemically, a system can be made,

the longer its life should be.

2-4
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Another property which is important from the operational point of view
is the viscosity. Fig. 8 shows the viscosities of various refrigerants and
absorbents in the liquid state as compared to water. It can be seen that, at
least in the lower temperature range, all the refrigerants are less viscous
than water., DME-TEG appears to be somewhat more viscous than water.
Note also that among the refrigerants, R-22, has one of the lowest viscosities,

placing it ahead of other refrigerants for operational reasons.

The viscosities of various fluids in the vapor state are shown in Fig. 9.
While the viscosity of liquids decreases with increasing temperature, the
opposite trend is observed for the vapor state. Also, the viscosities of the
vapors are not only about an order of magnitude smaller than those of the

liquids, but their spread is quite a bit less.
2.1.2 Conclusions and Recommendations

A large number of fluids for which detailed data could be found in the
literature have been surveyed as to their suitability for absorption refrigera-
tion systems to be used in manned space flight. Emphasis was placed on
safety, thermodynamic properties and operational criteria. It appears that,
among the refrigerants, R-22 is one of the best suited, if not the best overall,
It has a relatively-high latent heat of vaporization, its vapor pressure is rela-
tively moderate, it is nonflammable, nontoxic and nonexplosive, its chemical
stability is very good, and its viscosity in the liquid state is very low com-
pared to other refrigerants. Furthermore, and most important, it displays
excellent solubility with DME-TEG. This conclusion, arrived at by a more
or less qualitative comparison of the various fluid characteristics is sup-
ported by Eiseman (Ref. 12). Among the absorbents which were discussed,
DME-TEG was found to be the best for R-22 (Refs. 6 and 4).

With regard to other fluid systems, for which no detailed data could be
found, the trends shown in the figures present some recommendations. Both
refrigerants 114 and 216 have a relatively large latent heat of vaporization

at a relatively low vapor pressure. Their solubility characteristics in

2-5
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DME-TEG are therefore of definite interest. The same argument holds for
water, which is reported to be miscible with DME-TEG (Ref. 7), although it

might present problems because of its relatively high freezing temperature,
2.2 FLUID THERMODYNAMIC PROPERTIES DEVELOPMENT

When the various requirements for chemicals to be used in absorption
refrigeration systems are considered, especially from the standpoint of per-
formance of such systems, the solubility characteristics of the refrigerant
fluid in the solvent fluid are of primary importance (Ref. 4). Itis particularly
desirable that the refrigerant-absorbent mixture exhibit a large negative de-
viation from Raoult's law, meaning that the amount of refrigerant absorbed is
larger than that predicted for ideal solu.tiomsi|< Therefore, for a given refrig-
erant flow rate, the absorbent flow rate is smaller, necessitating less heating
in the generator and less heat rejection in the absorber. The heat of mixing
which generally accompanies high solubility, and its qualitative and quantita-

tive effect on the heat balance is discussed in Section 2.3.

Although the theory of thermodynamics (Refs. 13 and 14) provides the
framework, the evaluation of actual functional relationships between pressure,
temperature and composition must largely rely on experimental data. How-
ever, the analytical description of the solubility characteristics is important
for extending or extrapolating experimental data which are normally available

only for a limited set of conditions.

The thermodynamic property used to characterize deviations of solu-
tions from the ideal behavior (Raoult's law) is the activity coefficient defined

as

Q. = 01 (1)

where fi and f;) are the fugacity of the solute i in solution and the pure solute,

respectively; % is the mole fraction of the substance i in solution, For

X
A verification of this is presented on page 6-2.

2-6
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conditions under which the perfect gas law holds, the fugacity may be

regarded as the partial pressure, thus

a. = (2)

Here p;) is the vapor pressure of the pure solute i. It can be shown that the
activity coefficients should satisfy the Gibbs-Duhem equation, which, for a

binary system, reduces to

Mnal E),Qnoc2

X1V ox - %2 dx, (3)
T,p

where the subscripts indicate the variables to be considered constant.

Analytical solutions to the Gibbs-Duhem equation are known under the
names of VanLaar, Margules, and Scatchard-Hamer, among others. The
Margules equations, being relatively easy to evaluate, represent a truncated

series solution to the Gibbs-Duhem equation, and can be written as

- 3 3
logo(1 = sz-l-Bx2
(4)

r 3 r 2
Ax1+Bx2

1ogoz2

For a binary system x, = 1- Xy and we can write

loga, = A(l - x)° +B(l - x)° (5)

Here A and B.are constants under the assumptions stated previously (per-
fect gas law; constant temperature). In general, however, they must be
regarded as functions of temperature. Conditions under which the behavior
of the vapors depart appreciably from those of perfect gases impose further
limitations on the validity of Eqs. (3) through (5). For cases in which the
change of activity coefficient with temperature is unknown or too difficult

to evaluate, Colburn and Schoenborn (Ref. 15) stated that some organic

2-7
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systems follow the approximate rule
T loga; = const. (6)
for constant composition.

The present investigation, making use of the above suggestion, shows
that the temperature dependence of A and B in Eq. (5) can be evaluated, in

an approximate fashion, by fitting a plot of

T logOt1

(1 - X].)

Figures 10 and 11 show such plots for two fluid systems. They were pre-
pared by using experimental data for systems of refrigerants 22 and 21 and
dimethyl ether of tetraethylene glycol (DME-TEG), as given by Mastrangelo
(Ref, 16). It can be seen that, except for the highest temperatures, the data
points follow approximately straight lines. Curve fitting results in the follow-

ing expressions:
R-22 and DME-TEG:

3 2
p(x, T) = xexp{z”zo (1-x) _T4970 (1-x) !+ln p0 (8a)

R-21 and DME-TEG:

' 3 2
p(x, T) = xexp 5340 {(1 _,]}_f) - (1-x) ] +fn p° (8b)

<T §°RE D Epsia})

2-8
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The preceding equations agree with those given by Blutt and Sadek (Ref. 17),
The vapor pressure term on the right hand sides of these equations is
easily evaluated by fitting a curve to a plot of in p0 versus reciprocal tem-

perature (see Figs. 12 and 13), resulting in the following expressions:

R-22:
o 31 ’ 6(1)
fnp = 12,531 - 3.676 « 10 T - 0.187 « 10 (T) (9a)
R-21:
o 31 6 /(1 2
fnp = 11.983 - 3,860 10 T - 0.439 » 10 (-'f‘) (9b)

T [°R] , P [psia]

For the cycle analysis one is actually more interested in computing the com-
position as a function of given pressure and temperature. For this purpbse

it was assumed that x can be represented as a linear function of the logarithm
of the pressure p, with temperature T as parameter. The following relations

were obtained:

R-22 and DME-TEG:

x(p, T) = a(T) + 0.54 logp (10a)

_ -2 -4 .2
a(T) = 3.0-0.828+-10 " T +0.0413-10 ° T (10b)

R-21 and DME-TEG:

%2(p, T) = Bb(T) + 0.53 logp (10c)

_ -2 -4 .2
b(T) = 5,905 -1.59 10 " T +0.0978 10 ° T (104)

2-9
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A comparison of Eqgs. (8)and (10), together with experimental data is presented
in Figs. 14 and 15. It can be seen that Eqgs. (10a)and (10c)adequately represent
the experimental data. These equations were used in regions lying outside the

range of experimental data,

In addition to the p- T - x relations discussed above, a cycle analysis
requires expressions for the enthalpies of the liquids and vapors involved.
Curve fitting data from tables and charts (Ref. 3), the following expressions

were derived for the enthalpies of saturated liquids (see Figs. 16 and 17):

R-22:
_ -4 2 -6 3
h(T) = 0.198 (T - 420) + 18.3 * 10”4 (T -420)% - 14.7 + 107° (T - 420)
+ 4.13 *10°8 (T - 420)% (112)
R-21:
_ -4 2 -6 3
h(T) = 0.1814 (T -420) + 9.76 « 10”4 (T -420)% - 4.72 + 107® (T - 420)

+ 0.805 « 10°8 (T - 420)% - (11b)
(T [°R], h [Btu/1b]>

Expressions for the enthalpies of saturated and superheated vapor can also
be obtained by curve fitting pressure-enthalpy charts. This results in the

following expressions:

R-22:
o \-2.67
h(p, T) = 0.1542 (T -420) + 101.5 - 0.1 p(m) (12a)
R-21:
o \-1.64
h(p, T) = 0.147 (T -420) + 114.6 - 0.1 p(m) (12b)
(TE°RE, pgpsia‘g, h{Btu/le\)
2-10
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These equations are reasonably accurate for moderate pressures. They do

not apply for pressures higher than the critical pressures.

Figures 16 and 17 also show saturated liquid enthalpies which result
when constant heat capacities are assumed, and these are the enthalpies
actually used in the cycle analysis. The need for this simplification arose
when it was found that certain optimum temperatures, subcritical for the
mixture, are in the supercritical range for the refrigerant (i.e., the critical
temperature of the mixture is higher than that of the pure refrigerant). Since,
at supercritical temperatures, the concept of saturated liquid becomes mean-
ingless, just as the heat of vaporization, it was assumed that the enthalpy of
the liquid refrigerant in the mixture at its temperature could be calculated
by assuming a constant heat capacity. For reasons of consistency, this
approach was then taken throughout the cycle analysis. A method by Hildebrand
and Scott of extrapolating the heat of vaporization above the critical point was
examined; however, the Cp extrapolation was more straightforward and was

considered just as valid.
2.3 HEAT OF MIXING OF R-21 AND R-22 IN DME-TEG

In contrast to the behavior of ideal gases, it is well known that in the
adiabatic mixing of-two or more liquids of the same temperature, usually
either a temperature increase or decrease occurs. These phenomena can

be clearly followed through the introduction of the concept of '""heat of mixing."

It is observed that in particular those fluid combinations which exhibit
a strong mutual affinity, documented by high solubility and large negative
deviations from Raoult's law, also have large heats of mixing. There does
not seem to be any method available to determine this heat of mixing purely
by analytical means. Instead experimental data must be used. The lack of
adequate data considerably hinders the search for an application of new
absorbent-refrigerant combinations. Mastrangelo (Refs. 16 and 18) gives
equations and solubility data from experiments which, when combined can
be used to calculate the heats of mixing for selected organic refrigerants in
a mixture with DME-TEG.
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Accordingly, the heat of mixing, AHm, can be calculated from

AH = aH (£ 7 (13)
m r\1+K/ x +fx -7
, r s
where
- dinK

AH_ = -R[d(l T)]f (14)

_ AH
Z = AL (15)

Tr

Here AHm is the heat of mixing per mole solution, AHr is a heat of reaction,
R is the universal gas constant, f a function depending on the refrigerant, and
K is an equilibrium constant. The terms X, and x  are the mole fractions

of the refrigerant and the solvent, respectively, in the solution.

Three equations are given by Mastrangelo (Ref. 18) to determine the

equilibrium constant K in terms of additional constants K1 and KZ:

N W
K 7 fI+8) (16)
_ K-1 0 f4+1
K, = l+yaggy = 7 - ¢ 8 (17)

Using these equations, K can be expressed in terms of Kl = KI(T) for which

values are given as a function of temperature:

f+1

-1 f+1
K—Klf-l-K (18)

1

The bracketed term in Eq. (14) can then be evaluated for various refrigerants
by plotting InK versus 1/T (T°K) (see Fig. 18). Straight lines were assumed
to represent an adequate fit to the data. This essentially makes AHr inde-

pendent of temperature. After AHr is known, the heat of mixing is obtained
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from Eq. (13) by successive approximations until Z remains constant. Five
to six iterations were found to be usually sufficient to realize a constant value
for Z.

Typical results are shown in Fig. 19 for refrigerant 21 and DME-TEG.
Results of present calculations are compared with those of Mastrangelo, and
also with experimental results of Zellhoefer and Copley (Ref. 19). The agree-
ment is considered satisfactory. From Fig. 19 it can be seen that approxi-
mately 1150 calories of heat are liberated when one-half mole of each, R-21
and DME-TEG, are mixed to give one mole of solution. On a mole basis,
this corresponds roughly to 40% of the heat of vaporization of the refrigerant
at typical absorber temperatures. In the cycle analysis, however, concen-
tration alternates between the absorber value and the generator value such
that the total change in AHm is that between two intermediate values of con-
centration. Thus, it is concluded that in certain cases the influence of the
heat of mixing on the overall heat balance of the cycle may in fact be small;

however, depending on the two concentrations it can approach 40%.
The heat-cf-mixing equations were incorporated in the cycle analyses
discussed in Sections 3 to 5. The actual effect of heat of mixing, as revealed

by the computer analysis, was an approximate 10 to 15% increase in generator

and absorber weights and the absorber area.
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Section 3
ABSORPTION REFRIGERATION CYCLE ANALYSIS

Analysis of the theoretical performance of an absorption refrigeration
system is ideally suited to digital computer solution. Equations can be defined
which represent the theoretical performance. These equations are categorized

for convenience into the following groups:

Fluid property
Cycle (mass and heat balance)

Component weight

& @ & @

Cycle inefficiencies.

The fluid property equations are discussed in Section 2 along with the fluid

literature search. The other three are presented in the following subsections.
3.1 REFRIGERATOR CYCLE EQUATIONS
3.1.1 Discussion

The zero-g absorption refrigerator is shown schematically in Fig. 20,
The system consists of two fluid loops. The outer loop (1,2,3,9,4,5,10,6,8
12) can be termed the refrigerant loop, The pure refrigerant portion is shown
on a refrigerant pressure-enthalpy chart in Fig.21. The condenser, subcooler,
turbine (or throttle), and evaporator portion of the refrigerant loop is identical
to that of a vapor compression cycle. The difference in the vapor compression
and the absorption systems is in the method of getting the low pressure re-
frigerant vapor back to a high pressure vapor to enter the condenser. In
the vapor compression cycle, the vapor is compressed, requiring consider-

able mechanical energy. In the absorption system the vapor is absorbed
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into a liquid absorbent, compressed in liquid form and then desorbed at the
high pressure to enter the condenser as a high pressure vapor. By com-

pressing a liquid, far less mechanical energy is required.

The inner loop (3,9,4, 5, 11,7, 13) is the absorbent loop. The absorbent
is a liquid which absorbs varying amounts of the refrigerant depending on
the pressure andtemperature of the solution., In the generator the pressure
and temperature are such that refrigerant vapor is evolved from the solution.
Therefore, since the refrigerant vapor is taken out at the separator, a weak
solution exists through 11, 7, 13. The weak solution, throttled or expanded to
a new pressure and temperature, absorbs the refrigerant returning from the

subcooler. The pump provides the pressure increase for the rich solution
leg (3,9, 4, 5).

Turbines can be considered for pressure reduction devices instead of
throttle valves. The gain is twofold: the turbine energy is used to power the

pump, and the enthalpy level of the refrigerant entering the absorber is reduced.

The recuperator and subcooler are used to increase the overall system

efficiency.

Heat added in the generator provides the heat of vaporization (and heat
of mixing) to evolve the vapor. Heat rejected from the absorber removes

the heat of vaporization (and mixing) to absorb the vapor in the liquid.
3.1.2 Equations Development

The equations which describe the cycle performance are presented in
the following paragraphs. Maximum utilization was made of previous work

in this area (Ref. 17).

The refrigeration capacity, Qg is assumed known. It is assumed there

is no absorbent in the refrigeration loop. The expansion processor are
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assumed isenthalpic. It is assumed that only heat of vaporization is added to
the fluid at the evaporator. Therefore, the liquid flow rate into the evaporator

is:

q

. e
m = -
L e hv,l—hﬂ,l

Some refrigerant enters the evaporator as saturated vapor. This is because

the subcooling is not sufficient to prevent some vaporization in the refrigerant

e (8™
v, € I, e hv-h

turbine. Therefore,

8

where h8=h6-h2+h1,

obtained from a heat balance on the subcooler. The numeric subscripts refer

to locations shown in Fig. 20.

Equilibrium concentrations of the solution in the absorber and the
generator, XAE and XAG, respectively, are obtained by fluid property equa-
tions presented in Section 2. The refrigerant concentrations at the absorber

and generator exits are derived from the two efficiency equations:

- X

n = xabs g
x -x
abs,eq g

X -X

abs g
My, = X -x
g abs g, eq

The basis for these efficiency equations is presented in Section 3.3.3.
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The resulting concentrations are:

n x nabs+xa,eq
x _ g 8 ¢€q _ 1-nabs
abs N+ na,bs
g 1_na,bs
n_x
n x + -5 g.89
abs Tabs, eq l-ﬂg
X =
T
g T - S—
n
abs l-ng

The refrigerant flow rate in the weak solution and the total absorbent

flow rate are now derivable from quantities already defined.

<m2, e T My e) (1 - ’f‘a) *o

mr,ll = X -x
a
. Mamr,ll (l-x)
ma M =x
r g

The energy exchange in the recuperator is evaluated in the weak

solution leg:

Uec = My, 11 (hr, 5 " hr, 7) +tm, (ha, 5" ha., 7)

The enthalpy at point 4 is now obtainable:

) gmr 3(hr,4 - by, 3)]
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The heat loads at the absorber, condenser subcooler, and generator

are now determined:

Qrec ™™y, 11 (hr,S - hr, 7>+ ma(ha,5 - ha,?)

The enthalpy at point 4 is now obtainable:

The heat loads at the absorber, condenser subcooler, and generator

are now determined:

Yps =My Bptm b o-m b o, +m (ha,7 - ha,3)

+q q

mix,3 ~ ‘mix, 7

9cond ~ nhl (hr,S - h6>
Qsub = ™1 (hz B hl)

q =m. h h

gen 1 r,v,5+mr,11 r,!,S-mr,4hr,4
T om, (ha,5 - ha,4>+ Umix, 4 ~ Ymix, 5

The pump power requirement is calculated as follows:
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where the coefficient is the conversion from flow energy to heat energy.

These cycle equations are used in the computer program presented in

Section 3.4,

3.2 COMPONENT WEIGHT AND RADIATOR AREA EQUATIONS

In the design of an absorption refrigeration system it is desirable to
minimize two system parameters: the total system weight, and the total
radiator area. These two parameters are almost proportional to each other
since the radiators constitute the bulk of the total weight. However, when
large demands are made of other system components, their weights can rise
rapidly. For example, as the absorbent flow rate rises, the recuperator
and generator weights increase. Also, when increased efficiency require-
ments are placed upon the subcooler and the recuperator their weights
increase accordingly. Therefore, it is desirable to treat both area and

weight in the parametric evaluations.

A radiator area requirement is easily obtained, a simple and definite
function of the radiator temperature, the required net heat flux from the

radiator and the incident heat to the radiator.

Weight is far less well defined. The weight density of a radiator is
variable, Furthermore, the weights of other components depend on flow rate,
heat rate and component efficiency and these dependencies are not clearly
defined. Therefore, the safest approach is to simply optimize the total

radiator area. The radiator area equations are simply:

_ abs
Aa.bs - € T 4
o abs d in
_ qcond
cond ~ e T 4
o cond 9 in
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However, in order to deal at all with total system weights, equations
must be defined that relate the component weights to performance. The

weight of the two radiator components {absorber and condenser) are assumed
to be:

w _ (WD) Aabs
abs ~ 2

W - (WD) Acond
cond 2

The terms WD and %, will be varied in the parametric analysis so

that the influence of each parameter is identified.

The equation for the pump assembly was determined by plotting weight
versus hydraulic horsepower for several pump modules that are currently
being used for space application. An equation was then written for this curve.

The resulting equation for the pump assembly weight was given by:

) \
8.72 m (p . -D
w - 0.546 3\Phi ~ Pro
pump p
where
p = e
m m
a , r,3
Py Py

This pump assembly weight equation agrees quite well with other pump weight
equations given in various reports when the weight of the driving motor and

required gears are added to the pump weight.

An extensive literature survey was conducted to obtain a reasonable

weight equation for heat exchangers (recuperator, subcooler) as a function
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of their performance. The best information found was from Shaffer (Ref. 20)

The equation obtained that relates performance to heat exchanger weight is

0.882
wy, = 1475 p Y,

where p.is the core density and VC is the core volume. The core volume

is calculated by

vos =S — ()
€ UA AT

where A = (A/Vc) ~ ft2/£t3 and is called the surface area density and AT in
our case is the log mean temperature difference {LMTD) for the heat

exchanger,

The values of core density and core surface area density as given by

Shaffer for various type heat exchangers are:

Core Weight Surface Area |
Density, Density, ft“ per
Type of Surface 1b per ft3 ft> of Core Vol. Applications
of Core Vol,
Side 1 Side 2
—— e e e SN
A} 31.1 131 359 Liquid to gas,
Plate-Fin Moderate-~
SS - Ni 69.8 140 375 pressure gas to
low-pressure
gas,
Al 18.1 143 155
32.0 203 231
Tuhalar Gas to gas,
SS ] 33.1 166 166
Liguid to gas.
) High-pressure
Finned Tube Al 19.2 46.7 597 liquid or gas to
53 low-pressure
gas,
Al 34,1 280 313
Shell and Tube Liquid to liquid,
Ss 62.4 Z93 313
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Since Shaffer is a staff member of Airesearch Manufacturing Company who
provides compact heat exchangers for space applications, it was felt that his
equation and data for heat exchangers were probably the best available and

were therefore used in this study.

3.3 CYCLE INEFFICIENCY EQUATIONS

The computer program as currently in operation assumes an idealized
cycle performance, i.e., with no inefficiencies. (The only exception is that
a quantitative inefficiency can be assumed and input for the mixing and sep-
aration process in the absorber and generator, respectively. However, no
experimental or analytical data are used to justify the assumed values.) A

number of inefficiencies warrant consideration. These are the:

1. Pressure drop in flow lines

2. Driving temperature potential required in each heat
transfer device

3. Mass transfer resistance associated with absorbing
and desorbing the refrigerant in the absorbent

4. Inefficiency in the expansion throttle valves.

There is no question that these factors degrade the system perform-
ance. The questioﬁ is the extent. Quantitative definition depends on a phys-
ical description of the components of the refrigerator. Some degradation
factors may be such that they are insignificant regardless of the component

configuration. Others may be appreciable.

These five inefficiencies are discussed in the following sections:
3.3.1 Pressure Drop Losses

Calculations were performed to determine the pressure loss at each

section in the refrigeration cycle., The flow conditions used in the calculations

were those selected as design values in the parametric analyses of Section 4.
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These flow conditions are presented in Table 2, The results of these cal-
culations for numbered points in the cycle (Fig. 20) and for the condenser
and the absorber are presented in Figs. 22 and 23. The pressure gradient is
shown for each flow position as a function of the flow line diameter. These
results reveal that the flow channels can be sized so that pressure losses
are reduced to insignificant values.

3.,3.2 Driving Temperature Required to Each Heat Transfer Device

A finite temperature difference exists between the condensing fluid
in the condenser tubes and the radiating surface of the condenser, This AT,
ignored in the computer solution.9 is inherent in the absorber, evaporator
and generator as well, This means; in the condenser for example, if the
refrigerant condensation is taken to occur at some temperature, T

cond
used in the computer analysis), the radiating surface of the condenser will

(value

be at Tcond - AT. This inefficiency or loss could easily be treated in the
computer solution if it were known, However, its actual value is dependent
on the exact design of the condenser which is not presently known, There-
fore, in order not to introduce an unknown into the computer solution, the
AT in the several components is treated as zero, For the purpose of the
computer solution it is adequate to be aware of the assumption being made
and to have a feel for the range of values that can exist for AT, and the

effect on each component,

In the generator, AT is not critical since the heat source temperature
can be higher than the fluid temperature in the generator without a penalty,
In the condenser and the absorber AT is important because it results in a
direct penalty {reduction) in the radiator temperature, The absorber AT
is assumed to behave quite similar to the condenser AT since in both a
vapor is being converted to a liquid, The evaporator AT is important also
because it causes a direct penalty in the refrigerating temperature,” That is,

if the refrigerant evaporation is taken to occur at T {value used in computer
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analysis), the evaporator tube walls will be at Te + AT and the fluid being
refrigerated (air, for environmental control) will be at Te + AT + AT

For these reasons, calculations were conducted to define these temperature
differentials for the condenser and the evaporator. Curves of film coeffi-
cients and AT versus tube diameter for the condenser and the evaporator are

presented in Figs. 24 and 25, respectively. Clearly, the tubes can be sized

to minimize the temperature differential inefficiency.

3.3.3 Mass Transfer Resistance in Absorber and Generator

In the absorber and the generator, one fluid, the refrigerant, is being
absorbed or desorbed, respectively‘,. by a second fluid, the absorbent, There-
fore, mass transport of one liquid within the other becomes a potential rate
constraint, For example in the absorber, the refrigerant gas is *'condensing"
onthe surface of the absorbent solution which is weak in refrigerant, Unless
this newly absorbed refrigerant is somehow removed from the surface of the
solution, the solution at that point will become saturated with refrigerant and
absorption will cease, (Just the opposite process applies for the generator,)
It is important to understand what happens when this saturation occurs, If
the absorber temperature remains constant following this saturation, absorp-
tion ceases, However, this is not expected to be the case, Heat is being
removed from the absorber due to the release of heat of vaporization and
heat of mixing, Since this heat removal from the solution is being maintained
by the external conditions (i,e,, radiation from the tubes via fins for a space
radiator) it is not likely to stop when absorption stops., This heat removal
continues and instead of being balanced by vaporization the fluid temperature
drops. This temperature drop is undesirable in the absorber and can be

prevented only by adequate mass transfer, (The corresponding effect in
the generator is a temperature rise caused by heat addition with desorption,)

Removal of the newly absorbed refrigerant from the solution surface
is accomplished by mass diffusion or by physical mixing as caused by

turbulence. Inorder to examine this potential problem, a model must be
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assumed. The model for the absorber is essentially prescribed by the
physical constraints. A finned tube condensing radiator must be assumed.
The liquid solution is assumed to be a film on the tube wall surrounding a

refrigerant vapor core.

Calculations reveal that the liquid film is turbulent, A careful litera-
ture search did not produce a solution to the problem of mass transfer of
a single component vapor into a turbulent binary liquid film, Even an
attempt to treat the problem as laminar with pure diffusion was unsuccess-
ful as no diffusion coefficient data was available for R-22 in DME-TEG, With
these obstacles to a direct solution to the mass transfer problem, an intuitive
approach was taken, A direct comparison between the mass transfer and the
heat transfer in the absorber was made, Upon first examination, the heat
and mass transfer are quite analogous in the absorber, Heat and mass must
be transferred from the vapor core into the liquid film, This part is analog-
ous, However, going a step further the analogy fails, The heat must now
pass through the liquid film, into the tube wall, through the fin and then
radiate to space, The mass transfer stops when the absorbed vapor, now a
liquid is passed from the film surface into the film, In turbulent flow this
difference is substantial, Heat must pass through a laminar liquid sublayer
adjacent to the tube wall to get to the tube, Obviously, this sublayer is far
more resistant to transport than the turbulent portion of the film, not to
mention the remaining resistances in the heat flow path, It becomes quite
clear that with turbulent flow the heat transfer would be expected to be the
controlling mechanism, (This fact had been anticipated before the transport
analysis was done, The turbulence of the liquid film was thought to be ade-
quate to maintain fresh, non-equilibrium liquid at the film surface,) The
heat transfer analysis of the absorber is considered to be similar to that

of the condenser which is treated in Sectian 3.3.2.
The next step was to evaluate this intuitive analysis experimentally.
This was performed and is documented in Section é of this report. As

discussed there, the absorber performed as designed.
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The preceeding analysis related to the ability of the weak solution to
absorb the refrigent vapor by turbulence, This absorption can occur, how-
ever, only when the solution is "weak' or below its equilibrium value in
refrigerant. As absorption proceeds down the tube and the solution approaches
equilibrium, the absorption rate is retarded by the reduced driving differential.
A point is reached where, even with the turbulence discussed previously,
the absorbtion rate reduction results in a temperature decrease of the radia-
tor, To prevent this, it will be assumed that the solution will exit the ab-
sorber at some concentration below equilibrium, The efficiency of the

absorber will, therefore, be defined as:

X - X
nabs= —_a‘b—-s———hmg_

Xabs,eq ~ g

A similar equation for the generator is presented in Section 3,1, For the
purposes of this study the absorber and generator efficiencies will be set at

80%. The effect of varying this percentage is presented in Section 4,
3.3.4 Expansion Losses

The enthalpy rise in the strong solution pump and the enthalpy drop in
the weak solution and refrigerant expanders are each less than 1 B’cu/lbm

which is negligible in the total system,

Losses in the expanders can therefore be ignored, The important
aspects of the expanders are their potential to: (1) establish a pressure
differential (throttle valve} between Phi and Plo;
displacement hydrolic meter) through the refrigerant and/or weak solutions

(2) meter the flow {positive

lines; and (3) provide power to reduce the electrical power requirement of the
pump. These are discussed at length in Section 8 which deals with the

pump-turbine-motor package.
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3.4 COMPUTER PROGRAM DEVELOPMENT AND AUTOMA TION

Equations derived and selected to define the performance of a zero-g
absorption refrigeration system were presented in Sections 3.1 and 3.2.
Assumptions regarding line and component pressure losses and temperature

differentials between fluids and components were justified in Section 3.3,

The equations were developed into a digital computer program which
solves the entire absorption cycle based on the assumptions made. Three
versions of the program were developed. The first version (Version 1) re-
quires that the following six temperatures be prescribed and input: evaporator,

T ; generator, T ; subcooler, T recuperator, T ; absorber, T ; and
e g rec abs

sub’
condenser, Tcond’ This program simply calculates, for these fixed tempera-
tures, the system pressures, enthalpies, flow rates, heat loads, component

weights, radiation areas, refrigerant concentrations, etc., around the system.

The basic program described above was modified into two automated
versions, These two versions are programmed to automatically minimize
the total refrigerator system weight (Version 2) or total system radiator
area (Version 3), respectively. By inputting only the generator and evaporator
temperatures, the program automatically calculates the remaining component
temperatures which correspond to minimum weight or area. Since the opti-
mized temperatures are interdependent, the optimum value of one will vary
when the other temperatures are changed. Therefore, a convergence cri-
terion is a key to the optimization scheme. Weight and area optimized ver-

sions of each were set up with R-21 and R-22 equations.

For all versions of the program, the following assumptions are made.

Most of these assumptions follow directly from Sections 3.1 to 3.3:

1. Pressure changes in the flow line occur only at the pump and
the throttle valves {see Fig. 20 and Table 2).
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2. Temperature changes occur in the absorber, recuperator,
generator, condenser and subcooler. No changes occur in
flow lines.

3. The expansion and compression processes are isenthalpic.

4, The radiator area calculations (for absorber and condenser)
assume the entire radiator surface is at the component exit
temperature. This is conservative since the area would be
smaller than calculated.

5. A value of incident heat flux to the radiators must be assumed.

6. A value of radiator weight density (weight per unit area) must
be assumed.

7. An overall efficiency for the absorber and the generator must
be assumed.

8. Complete separation occurs in the separator,
9. No absorbent enters the condenser,

10. The efficiency of the heat exchangers (T7 - T, for the recuperator

9

and T8 - T1 for the subcooler) are input to Version 1 and Version 3
while they are optimized for Version 2 (weight optimized case).

11, Radiator emissivity = 0.9.

The area optimized version with R-22 equations is presented in
Appendix A. Parametric results of the program runs are presented in

Section 4,
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Section 4
PARAMETRIC CYCLE ANALYSIS

The cycle optimization computer program discussed in Section 3 was
used to define the best refrigeration cycle design based on the idealized
conditions assumed. A nominal value was selected for each of the several

optional parameters to arrive at the following nominal case:

9, 50 Btu/hr—ft2 on each side of the radiator
WD: 21b_/ft?
m

9t 35 kW
MTabs ~ Mg = 0.8
T = 40°F
e

\

Optimization cases were run for two fluids (R-21 and R-22 with DME-TEG),
two different optimization routines (system weight and radiator area mini-
mization) and seven different generator temperatures (200 to 5000F). A
composite of all these calculations is shown in Fig. 26. The figure reveals
that for the assumptions made, the optimum generator temperature for R-22
is approximately 450°F for a minimum total radiator area and approximately
415°F for a minimum total system weight. For R-21 the same two tempera-
tures are approximately 330°F and approximately 2850F, respectively.
Furthermore, it shows that for area optimization, R-22 is superior above
265°F while R-21 is superior below that temperature. For weight optimization,
R-22 is superior above 340°F while R-21 isbelow that temperature. The overall
best combination for minimum area is R-22 at T en = 450°F. The penaity

of going to a lower temperature is substantial.

Note that the weights corresponding to optimized areas and the areas

corresponding to optimized weights are also presented on Fig. 26,
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The total system weight used in the optimization is the combined weight
of the absorber, pump, recuperator, condenser, subcooler and the liquid in
the recuperator and the subcooler. In the weight optimized run four separate

parameters are being optimized as follows:

T3 (Tcond)
T6 (Tabs)
T7 - T9 (dependent on recuperator efficiency)

T6 - TZ (dependent on subcooler efficiency)

Weight optimization of T7 - T9 and T6 - T2 is possible since the recuperator
and subcooler weights go up rapidly as these temperature differences approach
zero. A minimum exists at some point. Radiator area does not have such a
minimum for these two temperature differences. Therefore, area optimization
cannot be done on T7 - T9 and T6 - Té . The solution to this problem was to
do the weight optimization first and then use the efficiencies therefrom as fixed

values in the area optimization. Therefore, the area optimization is done on only

T3 and T6'

Absorber and condenser temperatures which correspond to optimum
conditions for each optimization case conducted are shown in Fig. 27 for R-22
and Fig. 28 for R-21.

Version 1, the non-automatic version of the program was used to ob-
serve the effects of varying the absorber and condenser temperatures from
their optimum values for the area optimization, R-22 case. The results are
shown in Fig.29. This verifies that the optimization program is correct and

it shows the penalty for off design.

All the preceding calculations were for a fixed value of radiator weight
density, incident radiator heat flux and generator and absorber efficiencies.
Furthermore, the area optimiiation cases were for fixed subcooler and re-
cuperator efficiencies (based on corresponding results from weight optimi-
zation)., Since these selections were based on anticipated conditions and were

therefore arbitrary, it was considered desirable to show the independent
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influence of each one. This was done using the area optimization program.

The results are shown in Figs. 30 through 34. The optimized area and the total
system weight are shown as a function of each of these parameters. Each

point on each curve is an area optimized value. The nominal value of each
parameter is used when another is being varied. The nominal value of gen-
erator temperature was assumed to be 250° for one reason — that was the

value chosen in Section 5 for testing. Each parameter is seen to influence

the total system weight and/or area except T6 - TZ' T6 - T2 does influence

the subcooler weight; however,the subcooler weight is such a small portion

of the total system weight that it does not show up appreciably.

A cycle analysis for R-22/DME-TEG was conducted using a zero de-
viation from Raoult's law. This fictitious situation was run simply to verify,
by computer analysis, the stated need for a large deviation from Raoult's
law. The case was exactly the same as a standard R-22/DME-TEG except
Raoult's law was used in the program in place of the experimental data avail-
able on R-22 in DME-TEG, Also, since heatof mixing isdue to adeviationfrom
Raoult's law, heat of mixing was eliminated in the fictitious run. The résults
of this comparison are: At a generator temperature of ZSOOF, the new case
resulted in an increase in total radiator area of from 2541 £t% to 2798 ft2
(10.1%) and an increase in total system weight of from 3605 lbm to 4213 lbrn

(16.9%). These results verify the need for a large deviation from Raoult's law.
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Section 5
CYCLE DESIGN

Results from the parametric cycle analyses were used to define design
conditions for the experimental phases of the study. The selection was based
on using area optimization results rather than weight optimization. This
choice was made in consultation with Mr. R.L. Middleton, the NASA Contract-
ing Officer's Representative (COR). The choice is substantiated by the fact
that the weight equations used in the program are more susceptible to error
than the radiator areas equations and are therefore a more reliable criterion.
Actually, most of the system weight is attributed to the radiators for which
weight is proportional to area. The non-radiator components are those which

have only approximately defined weight equations.

The design condition selected was the minimum area case of Fig., 26
which corresponded to R~22 with a generator temperature of 450°F. How-
ever, there is some question about the stability of a solution of R-22 and
DME-TEG above 350°F. Furthermore, there was some concern about
safety at the extremely high pressure (452.5 psia) associated with a 450°
generator temperature., Therefore, in mutual agreement with Mr. Middleton,
the generator temperature was set at 250°F. At this generator temperature

the high pressure was 248 psia,

It is noteworthy that at Tg = 250°F, R-21is superior to R-22. How-
ever, R-22 was retained because it is anticipated that a flight system would
be operated at 300 'to 350°F such that R-22 would again be superior. It is
interesting that the total system weight for R-22 (from Fig. 1) is better at
300 - 350°F than at 450°F anyway.

The exact flow conditions at each point in the cycle for R-22 and

'I‘g = 250°F is shown in Table 2. The numbered locations correspond

to those on Fig. 20.
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Section 6
ABSORBER TEST SYSTEM

A preliminary test system to evaluate the absorber component has been
designed, fabricated and assembled. All surfaces wetted by the fluids are
made of stainless steel. The absorber radiator area for TG = 250°F is taken
to be 608 ftz on one side, Assuming a rectangular configuration of 23 ft by
26.5 ft and a 6-inch tube separation, a total of 53 tubes will be used. In the
present test, the flow rates are scaled down to 1/53rd and the cooling length

of the absorber tube is 23 ft.
6.1 EXPERIMENTAL ARRANGEMENT AND APPARATUS

A detailed flow diagram of the test system is shown in Fig. 35. (Draw-
ing No.A401). The weak solution is drawn from the mix tank where the com-~
ponents have been mixed to yield the given concentration of R=22. The tank
has been preheated and pressurized. The weak solution supply line is adjusted
to achieve the scaled down flow rate. The R-22 vapor from the preheated con-
tainers passes through the immersion heaters before entering the mixing
section. Cooling water is admitted to the absorber outer jacket. A view
section was installed after the absorber for visual inspéction of the exit flow.
The inlet and the exit sections of the absorber are shown in Figs. 36 and 37,

respectively.

All pressure vessels were tested to satisfy the "Safety and Industrial

Hygiene Standards' (C-12) of Lockheed Missiles & Space Company.
For purpose of sizing the test system, tests were conducted to deter-
mine the temperature-dependent specific gravity of DME-TEG (Ansul E-~181).

The details of the tests are given in Appendix B and the absorber design in

Appendix C.
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6.2 TEST PROCEDURES

A detailed test procedure has been written for the absorber test which
includes a discussion of pre-test cleaning steps, safety measures and actual

test procedures. An abbreviated version is given in Appendix D.

The absorber test is completed when clear liquid (complete absorption)
is observed at the view section while the fluids are maintained at the specific

conditions at the absorber inlet.
6.3 TEST RESULTS

The absorber test was completed successfully with weak solution and
R -22 vapor introduced into the absorber at design conditions, A strong solu-
tion was obtained at the exit with no vapor present. A rerun of the test was
made under similar conditions, and motion pictures were taken to show the
test apparatus and the flow patterns at the exit of the absorber. The test re-

sults and the scenario for the motion picture are given in Tables 3 and 4.
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Section 7
ABSORBER AND GENERATOR TEST SYSTEM

7.1 TEST LOOP AND COMPONENTS

A schematic view of the test loop for evaluating the absorber and gen-
erator components is shown in Fig. 38 (Drawing No.A402). The loop includes
the flow lines, the absorber, the generator, the recuperator, the pump, the
separator and the cooler (which represents the condenser and the evaporator
for a complete absorption refrigerator). The transfer lines are 0.75-incho.d.
stainless steel tubing with 0.035-inch wall, The details of the final design of
the recuperator, generator, separator and the cooler are given in Appendixes
E to H. The assembling of various components and the insulated test loop are
shown in Figs. 39a to 3%h,

The design requirements given in Table 2 scaled to 1/53rd scale were

those used as test design conditions,

7.2 TEST PROCEDURES

The test loop is filled with solution of specified R-22 refrigerant con-
centration from the liquid surge and feed tank. R-22 vapor is either gen-
erated in the generator or admitted to the system directly into the absorber.
The strong solution from the absorber passes through a pump where the pres-
sure is raised from 84 psia to 248 psia. The temperature of the strong solution
is then increased through a recuperator before being heated in the generator.
The weak solution from the separator passes through the recuperator and
back to the absorber, The R-22 vapor from the separator is cooled in a
cooler before being throttled down to the absorber inlet. An outline of the

actual test procedure is given in Appendix I.
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7.3 TEST RESULTS

Testing on the closed loop generator-absorber test system verified

each system component. Each individual component operated satisfactorily —
the absorber, generator, recuperator, separator and cooler. Results indi-
cate that the design of each independent component was more than adequate;
however, manual control of the total system, as dictated by the limited funds
available for the study, resulted in instability during total system test. For
example, a fixed pump speed dictated a bypass valve for flow control. This
recycling of the same fluid through the pump caused the fluid to become ex-
cessively warm which ultimately led to off-design conditions at best and pump
cavitation at worst. These and other instabilities precluded prolonged opera-

tion at design conditions.

Results regarding each of the components taken individually are as

follows:

Absorber: Complete absorption occurred in the absorber.
Generator: Good vapor generation occurred in this component.
Separator: The separator provided good vapor/gas separation.

Recuperator: The high demand requirement of the recuperator
was met,

The actual test conditions during the system tests were those presented

in Table 5. As mentioned previously these conditions were sustained only for

several minutes.

Recommended design changes are presented in Section 9.
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Section 8
PUMP-TURBINE-MOTOR PACKAGE STUDY

A study was conducted to assess the use of turbines in place of throttle
valves in an absorption refrigeration system designed to be used in an orbit-
ing space station. There are two throttle valves in a typical absorption re-
frigerating system which are used to drop the pressure in the weak solution
line and the refrigerant line. As the drop in pressure through the throttle
valves represents energy loss to.the system, the question of energy recovery
by the use of turbines or by other means immediately suggests itself when

the refrigeration system is considered for space use,

An assessment of the pump-turbine-motor package development require-
ment was conducted and it was concluded that a pump-turbine-motor package
is not the most efficient or desirable way to recover useful energy from the
system. To achieve the same results for conditions that exist in the system,
a positive displacement hydraulic motor offers higher efficiencies and better
control capability over a wide range of loads and speeds. A detailed study on
the hydraulic-motor-pump-electric motor package approach is given in

Appendix J.
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Section 9
CONCLUSIONS AND RECOMMENDA TIONS

9.1 CONCLUSIONS

The general conclusion drawn from this study is that the zero gravity
absorption réfrigeration system is feasible for use as a refrigerating system
in spaceflight vehicles. The conceptual development of the refrigeration
system verified its applicability. Prototype tests of the absorber and gen-

erator substantiated the conceptual design for those components.

Specific conclusions that can be drawn from the study are:

1. The detailed fluids investigation revealed that the com-
bination of R~22 and DME-TEG was the best available
for existing refrigerant-absorbent combinations for the
application required.

2. The various refrigeration system inefficiencies such as
line friction and momentum pressure losses and tempera-
ture drops between fluids and line walls can be made
negligible by properly sizing the flow lines.

3. The ideal generator design temperature to minimize
radiator area is 4500F; however, the initial prototype
design condition was 250° to assure stability of the
fluids.

4. The absorber prototype performed well at design condi-
tions. The test confirmed the analytical prediction that
turbulence in the absorber tube coupled with the strong
affinity of the absorbent for the refrigerant produced
good absorption.

5. The generator prototype was operated and successfully
generated vapor. It was not operated at exact design
conditions, however, because of control problems,

6. The recuperator, lg separator and cooler operated
successfully.

7. The pump-turbine-motor package study requirements
reveals that the best means of recovering energy from
the expansion process is to use a positive displacement
hydraulic motor in the weak solution line. No energy
recovery system should be used in the refrigerant line.
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9.2 RECOMMENDATIONS

Based on the successful operation of the several absorption refrigera-
tion components, it is recommended that the study be continued. Specific

recommendations for further work are as follows:

1. Conduct a study of the controls required to attain stable
operation of the total absorber-generator system and make
these determined revisions.

2. Conduct tests on the total system to obtain performance
over a range of generator temperatures and over a range
of absorber inlet refrigeration concentrations. Obtain
test results at several off-design conditions.

3. Using the cycle performance computer program, conduct
additional parametric performance analyses which incor-
porate the following:

e Alternate system configurations (i.e., additional heat
exchangers).

e Modified component weight and radiator area equations
based on results obtained in other future work tasks.

& A more refined absorber and generator mass transfer
model based on future parametric testing of the two
components,

e Heat transfer and pressure drop inefficiencies in the
cycle.

4, Design, analyze, fabricate and experimentally evaluate
a zero-g liquid/vapor separator component for the ab-
sorption refrigeration system.

5. Conduct detailed design analyses of the condenser, ab-
sorber, generator and evaporator., Generate from these
studies a detailed flight prototype design for each of the
four components.

6. Develop a computer capability for modeling the steady
state and transient performance of the absorber and gen-
erator. Integrate this into the existing cycle performance
computer program and conduct parametric analyses.

7. Conduct systematic investigations to synthesize new re-
frigerant absorbant combinations which are superior to
presently known fluids. Reduce any such fluids to equa-
tions for use in the cycle computer program and conduct
computer analyses of the fluids.
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SURVEY OF INORGANIC AND HALOGENATED ORGANIC REFRIGERANTS

Table 1

LMSC-HREC D162909

eration Class Hazard
Fluid Chemical Formula nge Flammable | Explosive| <5 >1
Carbon Dioxide CO2 744
Ammonia NH3 717 X X X X
Nitrous Oxide NZO 7442
Sulfur Hexafluoride SFé 7146
Sulfur Dioxide S0, 764 x %
Water H O 718
CF Cl3 11
CFZCI2 12
CF3C1 13
CF3 13B1
CF4 14
CHFCl2 21 x x
CI—IFZCl 22
CHF3 23
CHZCIZ 30 x
CH3C1 40 X
CFCl2 . CFZCI 113 %
CFZCI . CF2C1 114
CF3 . CFZCI 115
CH 3 . CF Cl1 142 x x
CH3C Cl1 FZ 142b x
CH3 CHFZ 152 x
CI—I3 CHF2 152a x
CSF6 Cl 216
C4F8 C318
CH3CH2C1 160 x
x
HCOOCH3 611 %
CHCl1 =CHC1 1130 x x
CH3 d C.'E"3 143 x

NOTES:

Qata taken from Refs. 1 and 2

UWL Underwriters' Lab group classification {1-6): 1 =most toxic, 6

ASA Aerosol classification {1-3):

= least hazardous,
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Table 3
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ABSORBER TEST RESULTS

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

Test Run Test Run
12-31-70 OL=0Ok-TL ]

Weak Solution Tank

Liquid temp., °F 145 17

Supply pressure, psi 110 110

Liquid capacity, 1lb.

Before Test 117.2 82.9
After Test 86.2 66

Absorber Inlet - Weak Solution

Temperature, °F 1h2 143

Pressure, psi 110 110

Flow rate, lb/min 8.97 + .h2 8.97 + b2
Absorber Inlet - R-22 Vapor

Temperature, °F 110 110

Pressure, psi 69.2 +0.2 69.2 + 0.2

Flow rate, 1b/min 5 +.02 .5 + .02
Weak Solution Sample

Temperature, °p 85 85

Refrigerant concentration »508 .508
Absorber BExit -« Strong Solution

Temperature, °F 124°F 124°F

Pressure, psi 68.2  + 2.0 68.2 + 2.0
Strong Solution Sample

Tempersature , Op 85 89

Refrigerant Concentration 0.6L 0.56
Absorber Cooling Water

Tnlet temperature, og 123 123

Outlet temperature, F 126 126

Flow rate, lb/min 11 11
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Table 4

SCENARIO FOR COMPANION MOTION PICTURE

Film Title: Evaluation of Absorption Cycle for Space Station Environmental Control
System Application

Type of Film: 16 mm, black and white, silent. Speed: 2h frames/sec

Seene

Part 1

I-6

I-7

Sub ject

Absorber Test Apparatus

E-181 Container,

E-181 Pressure Tank - Filling Valve,
Relieve Valve, GHe Line, Pressure
Gage, Bleed Valve, Dial Thermometer
and Discharge Valve.

Weak Solution Mixing Tank -
E-181 Inlet Valve,

R-22 Inlet Valve,

Weak Solution Discharge Valve

R-22 Inlet to Mixing Tank,
Charging Cylinder Valve,
Inlet Valve from Liquid R-22 Line

Weak Solution Mixing Tank -

Liquid R-22 Inlet Valve,

Weak Solution Supply Line to Absorber,
E-181 Inlet Valve

Weak Solution Mixing Tank =

Dial Thermometers,

View Glass Indication Tank Capacity,
Alr Motor Coupled to Stirrer

Bleed Valve, GHe Line

Tank Pressure Gage
Weak Solution Mixing Tank -

GHe Valve, Vacuum Valve, Bleed Valve,
Relief Valve and Drain Line.
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Table 4 (Continued)

Scene Sub ject

I-8 Weak Solution Drain Line,
Weak Solution Supply Line to
Absorber.

I-9 R~-22 Vapor Supply -

R=-22 Ceontainers with Heating Tapes,
Relief Valve and Pressure Regulators,
Immersion Heating Baths,

R-22 Rotameter

I-10 Weak Solution Supply -

Weak Solution Rotameter

Weak Solution Sampling Station =
Bleed and GHe Valves

I-11 Absorber from Inlet to Exit,
Insulated Absorber Line,
Bare Return Lipe to Dump Tank.

I-12 Absorber Exit -

View Section with Safety Shield,
Return Line, Sampling Station,
Coolant Inlet Valve, Rotatmeter and
Dial Thermometer

PART II Flow Pattern at Absorber Exit

Begin with clear weak solution flow
followed by two-phase flow as R-22
vapor was introduced and both flow
rates were adjusted.

Bnd with clear strong solution flow.
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Table 5

LMSC-HREC D162909

ABSORBER AND GENERATOR TEST RESULTS

Absorber Inlet
R-22 Vapor:

Weak Solution:

Absorber Bxit

Strong Solution:

Abgorber Coolant:

Recuperator
Strong Solution:

Weak Solution:

Generator

Flow rate,
Temperature,
Pressure,

Flow rate,

Temperature,

Pressure,

Mol -concentra.-
tion

Temperature,

Pressure,

Mol -concentra-
tion

Inlet temperature,
Inlet flow rate,
Exit temperature,

Inlet Temperature,
Exit Temperature,

Inlet Temperature,
Exit Temperature,

Inlet Pressure,
Inlet Temperature;
Exit Temperature
Power Input

0,183 1b/min

100 °F

T5 psia

5.03 1b/min

110°F

125 psia

0.52

Q.

90°F
7O psia
0.55

80°F

8.73 1b/min

100°F

12031?
180°F
eoogF
150°F

185 pgia

180 °F
220°F

2.18 KW
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Table 6

DETERMINATION OF SPECIFIC GRAVITY OF ANSUL E-181 AT
VARIOUS TEMPERATURES, GRAVIMETRIC RESULTS .

Calibration of Pycnometer Bottles (76°F)

Bottle No. 1 Bottle No. 2
Tare, GM 20.4320 19.0478
CHO aM 45.3505 43.9595
Net H,0 GM 29.9185 2h.9117

Specific Gravity E-181 (ANSUL), (HEO @ 76°F)

Temp. Bottle No. 1 Bottle No. 2

16°F Gross 55715 4y, 2032
20,4320 ° 19.0478
e Net  B5IIkSS 251555

Sp.G. 1.009" 1.009

268°F Gross us,ighl 41.8305
Tere 20,4320 19,0478
Net 22.712L e

Sp.G. 0.91k 0.91h

179°F Gross Ik, 3995 42,9690
Tare 20.4320 19.0478
Net 23.9675 T 23,9212

Sp.G. 0.962 0.961

]

227 F G 43,722 42,3520
TZ;:S 2%.132% 19.% 28
Net 23,2903 23,3042

Sp'Ge 00935 0'935

.].1‘1?_111. Gross 45,0746 43,7043
Tare 20.4320 19.0478

Net ol 626 2k, 6565

Sp.G. _ _0.989 0.990
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+ 0.143
+ 0.364
- 0.6

- 0.575

11
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21

22

(ersd) sanssaxg 1odeA

Refrigerant Mole Fraction, x

100°F)

DME-TEG (t =

in

Fig. 3 - Solubility of Refrigerants 11, 12, 21 and 22
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Fig. 4 - Vapor Pressures of Typical Absorbents and Refrigerants

11-15

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



1000

Vapor Pressure (psia)

" LMSC-HREC D162909

e e T T T T T e T T T T T T,
744 {CO, ) S T T ""'3k : ; .

- 2,::: = 123.; 3 22 @9‘} R [
e (MO B R FBBITER LT f@ S
:‘, a N O) ““7: T 3J + i : ' L . . t '

W 2L Iy g anyal
% QA ¥ 115¢ 318& i » k
7 FANP N, 2164113
: *flgﬁg’“ZL LA L 7 A
SRSERERYCLP cEFZER e aP 220 ANARDVARED 2V 0P <
R i o e iy : ’j; = v i = = v 4 <Tf‘—lzli . ll o gl D ot i
rd e i~ y 4 YA - g
X v /£ l—} ’]
] i = AT i = v
L4 Wi V. A 74
AV Vi - 1’ A
-+ Y A ) 4 4
] 4 V. v
yAV4 AV /W4 yd i
4 /[ 4 j! [
100 S = = =S = = = =
B A P e R L=t =
BE=== S SESSET SET 7 z
‘“f' 5 ,l{ . /l, E w4 = v’_ v A 2 V.4 ra - E»:’ e
E g = :718 (HZO)-:jij:f
3T F=—7 e e
o £ 7
y y A y 4
7
v
¥i
FA' 4
7/ 7
y i
8 i Fiwa —# ' = =
- S s Al iy = - s
7 - i g s - —-
- - 1T I
‘}I i S _I_’ -—f- —t :—TL =
i e R x j =
= = =EEE S =]

100 200 300
Temperature, t (OF)

Fig. 5 - Vapor Pressures of Various Refrigerants

11-16

LOCKHEED - HUNTSYILLE RESEARCH & ENGIMNEERING CENTER



% Decomposition of Refrigerant 22

LMSC-HREC D162909

10

p—

=

1
3

—
-

== 2 years {Ref, 8}

]

e = — Sealed tube, with oil,

i

28 days {Ref, 10}

= =

B

ks
i

PR
|
i
i
[
|

Pl |

1077 - ]

200 300 400

Temperature, t (OF)

Fig. 6 - Effect of Temperature and Contaminants on Total R-22
Decomposition
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Fig. 9 - Vapor Viscosities of Various Refr‘igerants (Ref, 11)
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Fig. 11 - Activity Coefficient Correlation for R-21 and DME-TEG
(Data from Ref, 16)
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Fig. 39e - Vapor Cooler Above Generator

Fig. 39f - Absorber and Transfer Line to Pump
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Fig. 39h - Test Loop with Insulations

11-52

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D162909

(DAL~

AnNa

) 181-F Ioyishfog [nsuy Jo £31suaq Jo eduspuadeq sanjersdwa y, - OF ‘811

A.mov sanjeraduus g,

1

HE
e T

05670

11.53

Ao9L 82
o’ "o Hy, 1818y

00G°1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D162909

o]
0]
<~
w
ord
3
H
1
(4]
—
<
)
o=l
I

Tapes (Fig. 1,
TP-3178)

41b ~ Inner and
Outer Tubes of Re-

1g

F

3178)

cuperator (Fig. 3,

TP

o

11-54

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D162909

? Vapor Exit

1-1/2—

1/4 in. holes. A
l1-in, apart on
0.011-in,
copper roll,

1/4-in. holes
1-in, apart in
Upper 6-in.
1/8-in. holes
l-in,apart in
the rest.

Copper roll—/
0.011-~in.
wall,

T
3
I3

e

ol

K

SS 304 Tube
4-in, o.d.
0.083-in.Wall

/—Deflector

Y
View Glass/ L

Fig. 42 - Liquid Vapor Separator

11-55

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

Liquid Exit



X 100)

Power Saved
Pover demand

4 Power Saved, {

LMSC-HREC D162909
100 71
% -
The ordinate is the power saved by use
of a direct coupled motor-pump-motor
80 + package expressed as a percent of the
electrical power demand without the
hydraulic motor, The abscissa is percent
of the pressure change across the pump
1 that is lost in the strong and weak
10 | 68% solution lines and component including
the absorber but excluding the hydraulic
motor,
60 +
50 1
40 1
30 -~
20
N
.
10 + \\\\.
\\\\
.
r t : : . ! 1 t +——y
10 20 30 W 50 60 70 80 90 100,

4 Hydraulic losses, (Iosses x 100
AP Across pump
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R-22 AREA OPTIMIZED CYCLE COMPUTER PROGRAM
(VERSION 3)

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



]

LMSC-HREC D162909

D w2 /AME = TF M ONF 10
AIMFMEION T(8)e HL(B) s HVYLO(B8) s HVHI(R) s HAR(H) ONEF 20
PEAL ((MTNY] 4l MTNH? ONF 30
TCAeF=" ONF an
CONTIANF ANE =0
TCASF=1CASF+1 NN &6n
TFMPBED, TURFQ [N NFEREFS & AN 70
READ (S:280) T(S)eQINGWNETAGsFTAALDIFZ2.DIF7 ONE 80
T(1)Y=a4a0e0D ANE an
T =T(II+NRF(T(S)=T (1)) ONE 100
T(AY=T(3) ONE 110
T(2)Y=T{(HBY=NIF2 ONE 120
T(7)=T(R)+DIF7 ONE 120
T4 =T(B)~=T(7)+T () ONE 1an
T(RY=T(&) ONF 180
NFYAPR= 1090 ,97 ONE 160
WRITF (FRes20N) 1CASF ONE 17N
WRITE (/Ae.13NN) ONE 180
WRITE (6421N) QFVAPQINSWDsFTAGS.ETAA ONE 190
WRITF (ARe332N) NNFE 200
WRITFE (Ae380) (T(I)sI=1s8R) ONE 210
NO 2N 1=1.8 NNFE 220
TII)=T(1)Y+aAN, ONE P30
* % INTTIAL DATA *¥ ONE 240
NFL3=0,% ONE 750
NFLA=NLS ANE  P&0
CON\’:.’\.. 1 ANF 27n
PEFPIEERANT~SOLVFANT P=T=X DATA ANF 280
Ni=172e772 ONE 290
RP=a48N, ANFE 300
N3=AQ7N, ONE 210
N4a=477Ne ONE 220
NE=r, ONE 3720
FwR=RR/ ONE 340
FWAz2D2Pe? ONE 350
RHOR=T74+4 ONE 260
DHOA=AD s ONE 370
NELTa=1.0 ONE 380
NE TR=1 N ANFE 290
CPHTA=N 447 AN an00
APHTR=M e 3NE NNE 410
EVAPORATOR COOLING CAPACITY IN RTU/MINUTE ONE 420
PLOZEXP(12,,5309042=36T75,966/T(1)1=187262.0/T (1) %%2) ONE 430
) ONFE a4n

#%¥ REGIN ITERATION LOOP  #3# ONE 450
. NANE a6t
ITFR=D NNE 470
T=1 ONE 480
CONT TRUF ONE 490
¥  BEEIN OPTIMIZATION ILNOP %% ONFE o 8ene
nH PEA LOOP=1+7 ON= =10
{CONY =0 ONFE =20
[TFR={TFP+1 PNE 520
I (KTaNMTa1) KT=? ONE  san
QiGRI=] e ONE 580
JTFR=A oONFE BN
IF (1TFR.GTs30) GO TO 40 ONE - B70
fo TA =0 ANE 580
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WITTE (6e373N)
e TOo 10
CONT IRUIF
JTER=JTFR+1

COTO (ADe7N)) s LNOOP

T(3)Y=T(3)+DII_3*S TGN
~NTH K]0
T(6)=T(&)+NFLAEXS TGN
CONT INUF

PHIZEXP (12530942 =187R,0A6/T(6)=18T7262:.0/T(H)*%2)
T(R)Y=T (&)

TLT7Y=T(R)4NIFT

TA)Y=2T(S)Y=T(7)+T ()

T(2)=2T(&)=DIF?

*¥* BFGIN WEIGHT CALCULATIONS *%

PO anN N=1,7

TAU=T (T Y=a20,

HL_(N) = QPHTRXTAL)

CONT INUF

PO 100 N=1,?
HVLO(N)=;1“4*(T(N)*4?ﬁ.)+101oR—OeI*PLO*(T(N)/APOo)**(-2:67)
CONT INUF

HVHI(S)1Z e 154%(T(=) 4206 )1+101e5=0s 1 ¥PHI¥(T(5)/4P0e ) ¥ ¥ (=267
nNO 1IN N=3,7

HAB(N)=SPHTAR I TINY~-420,0)

CONT IMYFE

PDERDFADMANCE SENUIENMCE

WERL=NEVAP /(MY NCTY-HLL (1))

HL () =R (6 —HVLO(2)+HVLO(1)

TAMI=T(R)~aP

HAGZC e 10R¥TAU+ 18 IFE =4 TAUR¥DP =14, 76X TAUX #3446 1 BE-BFTAUK¥4
IF (HRG=HL (R)) 14N4140,4170

T(8B)Y=T(BY=NFI.TY

coO TOo 120

TR =T(RY4+DFLLTR/ PO

WRY=WRL¥ (HL(R)=HL (1)) Z(HVLO( 1) —HL(2))
A1=ReN=NBPRF=2¥T ()40, 041 RF~4#T(3)¥*KX?

A2=Ag NP gAPAF=DIPRT(E)+N 041 RF =4 R T (7)) *H2
YAF=AJ 4N SHHALOGI T (PLODY

MO AREN B4 ¥ALOGIN(PHT)

YA (FTAGHXGEF+FTAA/ (1 e =FTAAYEXAF Y /(FTAGHFTAA/ (1 e~ETAA))
XG=(FTAARXAF+FTAG/ (1 e=FTAGI*¥XGF ) /(ETAA+ETAG/ (1. —ETAG)Y)
1F (XA=XG) P204272N4 150.

WRC= (WRLFWRV)I ¥ (1 o N=XAY#XG/ (YA~XE)
WARZFWARWRC*# (1 6 0=XG)/ (FWR¥X3)

0O AL LIES

CALL HFAT (T(7)eXGeNDFLHMT)

MY 72 (WRCEWAR ) RN HMT7

CALL HEAT (T(?) e ¥ALDFLHMT)

NV IY 3= (WPL+WRVLWRCHWAR) ¥ HM3

ONFE
ONE
ANE
ONFE
ONE
ONF
ONE
ONE
ONE
ONE
ONF
ONE
ONE
ONF
ONE
ONF
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ANE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONF
ONFE
ONE
ONE
ONF
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONF
ONE
ONF

GQABS = (WRL4+WRY ) #HYLO( 2) +WRCHHL ( 7) = ( WRL+WRV+WRC) #HL (3) +WAR* (HAB (7)) -HONE

1AR( ) ) +OM ¥ I=OM] Y7

OPEC=WRC% (HL (R) —HL (7)) ) +wAB* (HAR (5) ~HABR (7))
HAB(A)=2HAR (3} + (OREC=(WRL+WRV+WRC)I#* (HL (4)=HL (3))) /WAR
V2HAR(A) /SPHTA+42N 0

{F (Y=T(4a)) 170:180,18n

A-2

ONFE
ONE
ONE
ONF
ONE

=90
600
610
620
630
640
65N
660
67N
680
690
700
710
720
730
7an
750
76N
770
780
79N
800
810
820
&20
a40
asn
eaAN
a7n
a8n
29N
ann
910
920
o3n
940
os0
Q60
Q70
agn
oan
1000
1010
1020
1030
1040
10=0
1060
1070
108n
{090
B Ealal
1110
1120
1120
1140
1150
1160
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T(4)=T(4Y=-DEL_ T4

TALI=T(a)Y=aPN,

HL (4) =CSPHTD*TAL)

cO TO 1&0

T(A4)Y=r S%(T(a)+Y)

CALL HTAT (T(a)esXANFLHMY)
CMIX4= (WRL +WRYHWDPCHWAR) ¥DFLHMY
CALL HEAT (T(R) s XGNF_HME)
OMIYE= (WRCHWAR Y ¥NFL HME

ON®
ONE
ONE
DONF
ONF
ONE
ONE
ANFE
ONE

QGEN= (WRL+WRV ) ¥HVHI (5)+WRC*HL (5= ( WRL+WRV+WRC) ¥HL (4) +WAB* (HAB(5) —HONE

1AB(4) )Y+CMIX4=-QM ] WS

QCOND = (WRL +WRY ) ¥ (HVYHI(S)=HI_(&))

QOSURz (WRL4+WRY X (RVLO(2)=HVLN (1))

OPRUMP =( (WRL+WRVY+WREC) /RHOR+WAB/RHCA)I ¥ N, 1 88¥ (PHT ~PLO)
SYRTEM MASSFS PER UNIT Kw COOLING CAPACITY

W =&K& 42

ARCAPANER DARNIATING FROM ANTH STAES

AARS= (80, OHQART) /(N 1S 4PARF=NR*T () ¥*4—QIN)
WA=WARAARS /2 N

RHOE = (WRL+WRV+WRCH+WAB) /( (WAB/63s11)+{(WRL+WRV+WRC) /76:773)
WP= (B 72% (WRL+WRC+WRY+WAR) ¥ (PHI=PLO) /RHOF ) #¥%¥0 o546
WPP=N 4N
LMTDI=(T(S)=T(4)+T(3)=T{7I)/ALOGU(T(BE)Y=T(a )Y/ (T(7)Y=T(3)))
LMTD2=(T(AY=T (24T (1)=T(E)Y I /ALOG((T(AY=T(2))/(T(8Y=T(1)))
WREC=50e3¥ (60 N¥ORFC/(PR200, O*FLMTD 1) ) ¥#0 882

WE= 178 4 ISROGEN/OF VAP

CONNDFNSFR RPADTIATING FROM ROTH SIDFS

ACOND= (B0 NHOCOND) /( Q6 1R426F=0RX¥T(AH) ¥¥4=01IN)
WC=WNXACOND /P o N

WSUB=28 3% (AN NHQASUBZ (3100 N¥LMTD2) 1 ¥ %N RAP

Wi F=0 g AaxwWe

WLDEC2N N2 RDHOAFWDFEC

WLRUR=0 e KAEX SRR (RHOR /740 4)
WTOT=WA+WP+WRFECH+WC+WSURPH+WLRFC+WL SUR
TARAPNZAARSHACOND

IF (ICONVeCTNY G0 TO 220

* 3 FMD OF WEIGHT CALCULATIONS ¥* ¥

¥*  CHFCK FNAD OPTIMIZATIAN #x

IF (KTeNFel) GO TO 190

ARAN=TARAD

T=2

~0 To &0

IF (TARAD T, ARANY GO TO 20N

ARAN=TARAD

IF (S16GNeFNeg=P,) SICGNz==1,

KT="3 ’

GO T 8’0

IF (¥TeFNe3) 60O TO 210

T="

QIONZ2=2,0

"0 TA &0

CONT IRUIF

IF (CIOMeFQe=246) SIGN=2=1,0

CIGRI2=CTEN

1CONV 2

AN TA RA

3 % HUTPUT SFETION 3* 3%

ARAM=TARAD

ONE
ONE
ONE
ONE
ONE
ONE
NNFE
ONE
ONE
ONE
ONE

ONE
ONE

ONE
ONE
ONE
ONE
ONE
ONE

"ONE

ONF
ONIF
ONE
ONE
ONE
NONE
ONFE
ONIF
ONF
ONF
ONE
ONF
ONE
ONE
ONE
ONFE
ONE
ONE
ONE
NNE
ONF
ONF
ONE
ONE
ONF
ONF
ONE
ONF

1170
1180
i19n
{200
17210
1220
1230
fran
1280
1260
1270
i280
1290
1309
131"
132"
133n
1340
1350
1360
1270
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1a80
1490
1500
1510
1520
15320
1540
1550
1860
187N
158n
1 E9n
1600
1610
1620
1630
1640
1650
1660
1670
1ARN
1690
170N
1710
1720
173N
1740
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WRITE (6:340) [TFR,JTFR ONE 1750

NG PN [=1eR ONE 1760

220 TLI)=2T([)=440N ONE 1779
WRITE (6¢350) (T(I)el=1+R) ONE 1780

NO 240 1=1,.8 ONE 1790

2an T(1)=T(I)+a80, ONE 1800
WRITE (6¢3A8N) DIF2NIF~ ONE 1810
WRITE (6:270) QEVAP,OARS ,QPUMP , QREC ¢ QGEN s GCOND , QSUB ONE 1820
WRITE (6:380) WE WA+ WP o WPP 3 WREC s WG 2 WC s WSUR ONE 1830
WRITF (Re2R00Y XA XC ONE {840
WRITE (6:400) WRILsWRV WRC s WAR ONE 1850
WRITE (£:,410) WLEWLRFCsWLSUR ONE 1880
WRITE (8+420) PHIPLO ONE 1870
WRITE (£:430) (MLII)sl=1,8) ONE 1880
WRITE (6¢440) HVLO(1) sHVLO(2) s HVYHI(S) ONE 1890
WRITE (£.,450) (HAB(I)s1=34+7) ONE 1900
WRITE (8,460) XAF ¢ XGF JLMTD1 LMTD2 ONE 1910
WRITE (f.470) AARS ONFE 1920
WRITE (£.4R0) ACONN ONE 1930
WRITE (£,490) TARAD ONE 1940
WRITE (£,500) WTOT ONE 1950
WRITE (64510) QMIX3I,OMIX4OMI XS, QMI X7 ONE 1960

250 CONTINUF ONE 1970
*¥¥*  END OF OPTIMIZATION LOOP  *» ONE 1980

*#% CHECK FOR CONVERGENCFE RASED ON T(6) %% ONE 1990

1F (ITERFRe2) GO TO 260 ONE 2000
DT=ARS({TES=T (/) ) ONE 2010

1F (DTeLT<CONV)Y GO TO 270 ONE 2020

260 TEe=T(A) ONE 2n30
cO TOH 30 ONE 2040

*% END OF ITERATION LOOP %% ONE 2050

270 WRITF (£,520) [TFR ONE 2060
co TA 10 ONE 2070

ONFE 2080

281 FORMAT (AF1M.0) ONE 2090
290 FORMAT (32HI1I N P U T D ATA CASE NOes 15///) ONE 2100
30N FORMAT (46HOTHE PEFRIGFRATOR FILLUIDS ARF R-22 AND DME~TEG ///) ONE 2110
310 FORMAT (7HOQEVAP=3FE12,5¢ 10X 4HAINT=sE 12654 10X e 3HWD=sE12:5+ 10X s SHETAONE 2120
1G=4F 1250 10X SHETAAZ I F1265///) ONE 2130
320 FORMAT (34HOTOTAL RADIATOR AREA 1S OPTIMIZED ) ONE 2140
230 FORMAT (47HOTHE SOLUTION DIDNOT CONVERGE IN 30 ITERATIONS ) ONE 2150
340 FORMAT (1H1//223H O U T P U T DA T A «13HITERATICN NOsI4s10XsSHJIONE 2160
1TFR=14,///) ONE 2170
350 FORMAT (5XsOHT1 (EVAP) :8Xe2HT2:11Xs8HT3 (ABS)+8Xe2HT4511Xe8HTS (GEONE 2180
IN) 38X sIHTE (COND) s8X+s2MT 79 12X 2HTB/BE1566) ONE 2190
360 FORMAT (1HO«SXe4HDIF2:13X4HDIF7/2E1566) ONE 2200
370 FORMAT (1HO s 7X e SHAEVAP s 10X+ 4HQARS 10X s SHQPUMP +» 10X« 4HQREC» 10X 2 4HQGEONE 2210
INs 10X ¢ SHQCOND 2 10X e 4HQASUB /75156 6) ONE 2220
380, FORMAT (1HO e 7X s 2HWE 0 12X 0 2HWA» 12X s 2HWP s 12X ¢« 3IHWPP+ 13X 4HWREC s 12X ¢ 2HWONE 2230
16 12X s PHWE s 1 PX s 4HWSUR/AF15,6) ONE 2240
390 FORMAT (1HN:7Xe2HXA 6 12X+ 2HXG/2F 156 6) ONE 2250
400 FORMAT (1HO s 7Xs3HWRL s 11X s 3HWRY 3 12X ¢ 3HWRC 3 12X+ 3HWAB/4E15,.6) ONE 2260
41~ FORMAT (1HO7Xs3HWLE 211X ¢ SHWLREC s X ¢ SHWLSUIR/3E15:6) ONE 2270
420 FORMAT (1HO7Xea4HP HI gl I1Xe4HP LN/PFIG,6) ONE 2280
4730 FORMAT (1HO 7XsSHHL(1)s 10OXsSHHL(2) « 10X e SHHL (3) s 10Xs SHHL (4 ) s 1 OX s SHHONE 2290
1(5) 2 1OXeSHHL (6) s IOX e SHHL{7) s 10X SHHL(8) /BE15.&) ONE 2300
440 FORMAT (1HO:7Xs 7HHVLO (1) a8X e THHVLO(2) s 8X s 7THHVHI(5) /3E15.6) ONE 2310

450 FORMAT (1HO7X s SHHAB(2) s OX e BHHAR(4) 39X s 6HHAB(S) 49X« EHHAR(6) s OX s 6HHONE 2320

A-4
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ARP(TI/EE 1R eR)

FORMAT (1HO s 7Xe3HXAF 9 12X s BHXGE s 12X s SHLMTD1 » 1OXsSHLMTD2/74E1567//)
FORMAT (R{HOTHE ARSORRFR RADIATOR ARFA IS F18.6//)

FOARMAT (32HOTHE CONDENSFR DRADRDITATOR ARFA IS F15e6//)

FORMAT (PRHOTHE TOTAL RANDIATOR ARFA IS F1Se.R//)

ONE
ONE
ONE
ONE
ONE

FORMAT (73HOTHE TOTAL REFRIGERATOR WEIGHT EXCLUDING THE EVAPORATORONE

AN GEMFRATODR 18 F18.A///)

ONE

FORMAT (7HOQMIX3=3sF 1566 10X 6HAOMIX4TaFE 156+ 10X EHQMIXS= 351569 10X+ ONE

AHOMIX 7= F1566)
FORMAT (22H1SOLUTION CONVERGED INesI5+3Xs INHITERATIONS)
FND

SUBROUTINE HEAT (TsXRDFLHM)
REAL MWAVG

TOL=eM01

T2, 0

7=0eN

NFLHR=41NN N

TKELVUN2T/1 R

XK =EXP( (PORO N/TKFLVYN) =K, 77)
DELHM= (DELHR¥ ((F¥XK) /(1o +XK) ) E¥XR¥ (] 6 =XR) I/ (XR+F*( 1 e—=XR)=Z)
zoLn=7

7 =NELHM/DELHR
CHFCKzARS(Z=Z0LD)

IF (CHFCKeLTeTNL)Y GO TO 20
cO TO 10
MWAYG2XRERE B+ (1 ¢ =XR)I #2226 P
MEL MMz | ¢ RENELHM/MUWAVEG

OF TURK

A

ONE
ONE
ONE

TWO
TWO
TwO
TWO
TWO
TwWO
TWO

TWO

TwO
TWO
TWO
TWO
TWO
TwWO
TwWO
TWO
TWO
TWO

2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430

10
20
30
40
50
60
T0
a0
Q0
100
110
120
130
140
150
160
170
180
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Appendix B

EXPERIMENTAL TESTS ON FLUID PROPERTIES
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Appendix B

In order to determine the flow parameters (Reynolds nunber and Prandtl
number, etc) in the design of various heat transfer surfaces, as well as
the transfer lines, it is necessary to have the fluid properties like demsity,
specific heat, viscosity, thermal conductivity, etc. The fluld properties of
R-22 are readily available, but only limited data on DME-TEG (Ansul polyether
E-181) are known.

For the immediate need of the present investigation, the specific grav-
ity of the Ansul Polyether E-18L (DME-TEG) was determined between room tem-
perature and 268°F in an inert atmosphere oven by a volume-gravimetric tech-
nigque. The oven was purged with dry nitrogen to minimize any tendency to
form peroxides. Two parallel measurements were made at each randomly sel-
ected temperature and the comparison of the results as given in Table 6

indicated no trend toward systematic errors.

A fresh supply of E-18L was placed in two (25 ml) Pyrex pycnometer
bottles prior to each run. The bottles, when filled and weighed at the
laboratory tempergture of 76OF, were each placed in an aluminum cup and
transferred to the oven. Expansion due to temperature elevation forced an
excess amount of E-181 out of the capillary in the ground glass stopper and
into the cups. After equilibrium temperature is reached (1-2 hours), the
specimens were removed and the excess external material spilled on the side
of the bottle was wiped off. The values of specific gravity of the E-181

at various temperatures were plotted in Fig. 40,
Evaporation of the internally contained E-181 is neglected due to the

low vapor pressure and the small exit port of the capillary. Thermal ex-
pansion of the Pyrex bottles is also neglected.
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The effect of R-22 and DME-TEG solution on several materials was examined

by immersion of brass, viton, solder and silver solder. The solution was at

a refrigerant concentration of .54 and was maintained at 1500F and 200 psia

for 116 hrs., No appreciable decomposition of R-22 nor adverse effect on the

sample materials were observed.

B-2
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Appendix C

ABSORBER DESIGN
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Appendix C

The various design concepts for gravity independent absorbers are given
in Table 7. In the present investigation, concept A was chosen for its
simplicity. The heat flux in the absorber is (at 1/53rd scale) 45.6 BTU/min.
An overall heat transfer coefficient of 200 BTU/Er-FtE-OF is assumed for a
counterflow concentric-tube type sbsorber with cooling water flowing in the
outer jacket to simulate a heat sink as space radiator. The outer tube has
an l-inch 0.D. with .O49-inch wall and the inner tube of 0.5-inch 0.D. with
«020-inch wall. If the average temperature difference between the fluid is
695°F, the length of the absorber is 16 ft. In the present test, a cooling
length of 23 ft. is used.

The weak solution enters the mixing section through a jet with four (4)
copper wires of 0.0l3-inch diameter placed criss-cross the opening of the
jet. The effective opening is O.h4 x lO"lL Ft2 and a pressure head of 30 to
35 psi is provided upstream of the Jet to yield a high velocity spray at the

exit.

Temperatures,'pressures and flow rates of the fluids entering and
leaving the absorber are measured by standard bimetallic dilal thermometers,
pressure gauges and flow rotameters. The concentrations of the weak and
strong solutions are determined by the failure pressure of the liquid with-

drawn from the flow line into the samplers.

Cc-1
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Appendix D

PROCEDURES OF PRELIMINARY TEST ON THE ABSORBER
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Appendix D

Preparation

After a thorough cleaning of all sub-assemblies with hot water for the
removal of silver solder flux and other contaminants, the éssembled systen
was purged with dry nitrogen and with helium gas. After purging, a vacuum
check was initiated on all assembled components up to the regulator wvalve
outputs on the helium and R-22 tanks. Following the vacuum integrity check
a pressure test to the 240 psia level was conducted on all rated components
in the assembled form. Because of the hazardous aspects of the working

fluid, a zero leak rate was achieved and maintained throughout the tests.
Operations

Before the test run, the weak solution in the mixing tank was stirred
and heated to lhBQF at about 55 psig. The tank was pressurized by helium
gas to 110 psig Just before and during the test rum.

In order to maintain the R-22 vapor flow rate, the R-22 containers were
heated by electrical heating tapes wrapped around the lower portion of the
containers. The test run was ready to begin when the vapor pressure in the
R~22 supply manifoldvreached 300 psi which is just below the setting of the

relief valve on the R-22 conbtainers,

At the beginning of the test run, the weak solution was introduced to
the absorber at the scaled-down design flow rate of 8,97 Ib/min at 142°F
with the absorber exit pressure maintained at 82.9 psia. The R~22 vapor
was then introduced into the absorber at 0.503 Ib/min 5 1090F and 83.9 psia.

b-1
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(It was at this stage that the flow rates of the weak solution and R-22
vapor, as well as the absorber exit pressure fluctuate.) The weak solution
inlet valve, R-22 vapor inlet valve and the discharge valve to the dump tank
were adjusted simultaneously to obtain the design flow rates and the absorber

exit pressure.

As soon as the design flow rates and the absorber exit pressure were ob-
tained, the view section located at the absorber exit showed clear liquid
flow instead of bubble flow or stratified flow which appeared during the floﬁ
adjustment period. The test run was terminated immediately due to the limited
capacity of the fluid'supply. The liquid samples were taken and the fluid

properties were read at the completion of the test rum.

One additional test was run under identical conditions for motion

picture data.
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Appendix E

RECUPERATOR DESIGN
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Appendix E

Based on the results of the computer parametric studies, the recuperator
has the highest heat flux requirement among all the heat transfer components.
In order to increase the cycle efficiency, the recuperator flow parameters are

specified as follows (scaled down to 1/53rd).

Cold fluid: 9.W75 Ib /min of strong solution to be heated from 138.5°F to 242°F
at 247.7 psia.

Hot fluid: 8.972 lbm/min of weak solution to be cooled from 250°F to 141°F
at 247.7 psia.

The heat rate as calculated from the values of enthalpy given in Table 2 is
398 Btu/min. Since Q =1 CPNT, the average values of the specific heat assumed

for weak and strong solutions are
= 0
cpw = 0.42 Btu/1b F

and

C. = .ho6 Btu/1b_°F
P, m

If a counterflow concentric-tube type arrangement is used, the logarithmic

temperature difference is Atm = 5.3“(OF° Since Q = US Atm, this yields

US = q/Mm = Th.l Btu/min °F

The fluid capacity rate of the weak and strong solutions are

Qe
|
B

= 3.77 Btu/min °F

= 3.85 Btu/min °F

Qs
]
Ho
Q

*
See Appendix K for nomenclature.

E-1
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Hence, the number of transfer unit is

NTU =-S5 = 19.65

min
This is a very high value due to the high effectiveness assumed for this

recuperator., The effectiveness is

250 - 1419
€ =355 - 138.5 - 97.0%

The ratio of the fluid capacity rates is

= 0.979

e Ii}o.

5
From Ref. 29, Table 2-1, it is also seen that ¢ = 0.970 required that NTU = 20.
In order to determine the size of the recuperator, it 1s necessary to cal-

culate the overall heat transfer coefficient.

If a counterflow concentric-tube +type heat exchanger is considered with
tubes of 1l.625-inch 0.D., 0.049 inch wall and 1.125 inch 0.D. with 0.050-inch
wall, the flow areas are 0.577 x 1072 £t° and 0.572 x 107> £t2, respectively for
annular and inner tube side. The larger tube diameter provided larger heat
transfer area, lower pressure drop but lower heat transfer coefficients. These
are calculated as follows if the weak solution is assumed to flow on the inner
tube side and the strong solution on the annular side. (In the final design
the strong solution is flowing in the inner tube with twisted tapes. However,

the sizing of the component is not significantly affectedo)

Inner Tube Side - Wesk Solution

o = 55.66 Lb/Ft3
v =0.251 Ft/Sec

- 2
b o= 2.2 C.P. = h.6L x 107 1bf/sec/ft
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T = .42 Btu-1b-"F
oW

o]
Kk o 0.1l Btufhr-ft- F

This yields the following flow parameters

p-vfrva
Re = = 1100
w 1
W
Eﬁw "
Prw = kw = 20.5

This indicates that the inner tube side flow is laminar. Since the tube wall
temperature varies from inlet to exit, the correlation for a fully developed
laminar flow inside a tube with constant heat flux is used to yield

k

o= « k.36 =kl Btu/hr-ft°-°F

This is too low and requires extremely long tubes.

If 0,50 - inch tube is used as in the absorber, the Reynolds number is aboutb
3350 and the heat transfer coefficient of a turbulent flow inside a tube is
(Ref. 30)

k
2
b = 0.0265 —]-;-’- re®*® pr0°3 - 1o Btu/nr-£t°-Or

However, this increase in hw is compromised by the decrease of the tube peri-
meter and the length of tube for the required heat transfer surface becomes

even longer.

Annulus Side - Strong Solution

56.5 1b/ft3

Py =
v, = 0.k ft/sec

= =511 - 3
Wy = 4.85 x 1077 1b-sec/ft

T = 0.397 Btu/lbm-oF
)

E-3
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k_ = 0.12 Btu/hr-rt-°F

s

-
Dh = hrh = 2,69 x 10 “rt.

This ylelds the following flow parameter

Re = L20
S

Neglecting natural convection, the film coefficient for laminar flow in annuli
space 1s estimated for each length of 20 £t (Ref. 31).
0.8 0.45

k Do m cp 20
hS ~5 (-ﬁ;) —E_ = ll-O.8Btu/hr-ft - F

In the case where the heat transfer coefficient is lower on the annulus
side, external fins are usually used. In the present case, where the domin-
ant resistance to the heat flow is on the tube side, the performance of the
recuperator may be increased by placing a twisted tape inside the tube, First,
the fluid velocity passing the wall of the tube is greater for the same mass
flow. Secondly, the wall of the tube is concave with respect to the direction
of fluid flow. Both of these yield a larger heat transfer coefficient as shown
in Ref. 32, TFinally, a centrifugal force field is set up by the rotation of
the fluid in a swirl flow. This has a favorable convection effect if the heat
flow is directed inward as cold fluid of higher density will be flung outward

from the center of4the ‘tube.

In order to design a recuperator for the present test Lloop without exces-
sive length, the strong solution will pass through the inner tube with
twisted tape brazed to the wall to increase the heat transfer efficiency from
the "fin-effects". Twisted tapes were made from 1.05-in. wide soft copper
strips of 0.065 in. thick and 48 in. long. The tapes were twisted in a
horizontal position by clamping both ends on bench vises with one end free
to rotate by use of a roller thrust bearing. The tape was first stretched to
create some initial stress and then twisted 360 deg per 5.01 + 0.0L in. %o
cause yield stress in the strip. These strips were then unloaded and annealed

by heating to red heat before being quenched in water. After being pickled

E-k
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in nitric acid to remove scales and then polished with a motor~driven wire
brush, the Y-ft. tapes were soldered together to form six 20-feet long con-
tinuous tapes of 1.020 + 0.003-in. wide. These were placed inside the
1.125-in. 0,.D. (0.050 - in. wall) copper inner tubes of the recuperator.
Soft 0.125-in. O0.D. copper tubings were wound around the outside of these
inner tubes at 360 deg per 6-in. Tnese were then placed inside the 1.625-in.
0.D. (0.049-9n. wall) stainless steel outer tubing to form the main body

of the recuperator.

Fig. 4la shows the twisted tapes and Fig. 41b shows the inner and outer
tubes,

E-5
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Appendix F

GENERATOR DESIGN
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Appendix F

The various design concepts for gravity independent generators are given
in Table 8 and the methods of heat addition to the generator in Table 9. In
the present investigation, simple straight tubes with electrical heating are

used.

The generator temperature is limited to 2500F to assume the safety of the
operation. The heat input required (scaled down to 1~53d) is 55.9 Btu/min
or 0.99 KW. Stainless steel tubes of l-inch 0.D. and 0.049-inch wall are used.
The liquid properties at the inlet of the generator are”

]

L8.7 1b/ft3

<3
et
]

0.718 ft/sec

1.7 C.P. = 3.6x10™ 1b -sec/ft"

L

0.15 Btu/hr-ft-°F

g F
]

0.143 Btu/1b_-°F

Based on above, the average heat transfer coefficint of liquid on the hot wall
is (Ref. 30)

h, = .0243 % Reo°8 PrO‘lL = 36 Btu/hr-ft2~°F
Based on this value of heat transfer coefficient of single~-phase flow, the
relationship proposed in Ref. 33 can be used to calculate the heat transfer

coefficient in two-phase flow

002 (X

)-0,167
o} tt

.’S'iD"

=17.5B
o

*
See Appendix K for nomenclature.

F-1
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where

B = boiling number = q/rG
r = latent heat of vaporization
G = mass velocity of fluid

x, . = Lockhart & Martinelli parameter

tt
1ox 0.9 25. 0.5 :I:& 0.1
X Py ug

x = weight fraction of wvapor in liquid

This ylelds h = 80 Btu/hr-ft2 - °p. The generator tubes are heated by Cole-
Parmer heating tapes with maximm total input wattage of 3.73 kW (212 Btu/min.).
To improve the performance, twisted tapes may be inserted into the tube and an
average overall heat transfer coefficient of 200 Btu/hr-ftg-oF can be assumed
(Ref. 3h). If a logarithmic mean temperature difference of 10°F is assumed
between the hot wall and the bulk of the flow, the heating length required will
be ’

L = 55.9 x 60 x 12

= =8 ft.
200 x mx .902 x 10

For the present test, two lengths of 10-ft. tubes as shown in the back-
- ground of Figure Ulb were used for the generator without twisted tapes.

P2
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Appendix G

SEPARATOR DESIGN
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Appendix G

Various design concepts for gravity independent liquid-vapor separators
are given in Table 10. For the present investigation, a simple vortex-grave-

ity type based on the design in Figure 42 was fabricated.

G-1
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COOLER DESIGN
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Appendix H

The R-22 vapor from the separator will be cooled from 250°F to lh5°F at
2h7.7 psia (see Table 2 and Fig. 20). The amount of heat to be rejected to the
cooling water is 9.79 Btu/min. For the present test, a concentric tube type
cooler will be used with R-22 vapor flowing inside a 0.5-inch copper tubing
of 0.035-inch wall and water flowing inside the annuli formed with a 1.0-inch
stainless steel tubing of 0.049-inch wall. The mean fluid properties on the
inner tube side are’

By = 3.5 1b/1t>

V = 2.4 ft/sec

B o= 0154k c.p. = 3.22x 1077 lbf/sec/ft2
Ep = 0,21 Btu/1b-F

k = .0083 Btu/hr-ft-"F

These yield the flow parameters of
Pr = 2026

Re = 2,91 x lOlL

The heat transfer coefficient on the inner tube side is (Ref.30).
h = 0.0243 % Re®8 2% _ 200 Btu/hr-£t2-Op

On the annulus side, the average water properties are

o
i

61.6 1b/£t>

<
il

0.294k ft/sec

= :
See Appendix K for nomenclature

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



IMSC/HREC D1 62909

- 2
po=11.8 x 10 6 1b ~sec/ft
W £
Pr = 3.68
flow area
dh = b wetted parameter = 0.334ft.

These yield the Reynolds number of 1.6 x lOu. The mean heat transfer coef-

ficient of turbulent water flow on the shell side is (Ref. 31).

- -2 5, =23
hw = 0.023 CPG Re Pr ®
0.53
where .902
CP = 0'87 ':EG" = 102)4'5

These yield a h_of 179 Btu/hr-ftz..?p,

For .035=inch copper wall and k == 200 Btu/hr-ft—oF, the mean overall heat

transfer coefficient is estimated to be

U = 110 Btu/hr-ft2-°p
The mean logarithmic temperature difference is ESOF. The length of tube is
therefore
9.79 x 60 x 12
mx 0.5 x 110 x 25

1,64 ft.

For the present test, two lengths of four feet tubes as shown at the foreground
in Figure Ulb were used.
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PROCEDURES OF ABSORBER AND GENERATOR TEST
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Appendix I

Preparation

The system was cleaned with alcohol and hot water. The liguid circuit

was tested to 300 psig and the vapor lines to 250 psig.

The system was purged with helium gas and then evacuated for vacuum test.
After the vacuum and pressure test, the system was maintained at 83.9 psia
with helium gas except the R-22 vapor lines (between the closed valves vio
and V11) which remained evacuated.

The weak solution mixing tank was filled with solution with a concentration
of R-22 between that of the weak and strong solution.

Filling of the System with Solution

Introduce solutlion into the system and the bleed valve on top of the sep-
arator is opened graduélly t0 release the helium gas from the system.
Observe the liquid level rising in the separator. When liquid appeared at
the bleed valve, close the bleed valve and the sclution feed valve.

Start the pump and close the pump by-pass valve gradually to maintain the
reading on the generator inlet pressure gauge at 248 psia and the absorber
exit pressure gauge at 83.9 psia.

Adjust the absorber weak solution pressure and flow rate by the throttle
valve at the recuperator exit and the inlet valve to the absorber.
Increase the generator liquid exit temperature to 250°F by adjusting the
electrical power input to the heating tapes.

Maintain the absorber liquid exit temperature at about 1380F or lower by

adjusting the cooling water flow rate with valve V12,

I-1
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Addition of R-22 Vapor

As the liquid level in the separator is lowered to midpoint, open the
vapor valve to the cooler and the vapor inlet valve to the absorber.
Adjust both valves and the coolant flow to maintain the R-22 vapor at

the absorber inlet as close to the design condition as possible.

If the flow rate is too high, discharge some vapor through the bleed
valve on top of separator. If the flow rate is too low, admit R-22 vapor
through the vapor charging valve.

Adjust pump bypass valve to maintain 83.9 psig at pump inlet and 243 psia
at the generator inlet.

Qgeration

Adjust absorber coolant water flow rate to maintain strong solution exit
temperature at 138.5OF. Record the fluid flow conditions at each compon-
ent.

Maintain proper flow rate at absorber by adding or discharging weak
solution or R-22 from the system.

Terminate the test when steady state conditions can be maintained for

two to four hours.

Shut~-down of Test System

Turn off generator heating input and lower the coolant temperature to
the absorber and vapor cooler.

As the flow temperature and pressure decrease, open the pump bypass valve
gradually to reduce the pressure difference across the pump.

Shut off the pump when the generator exit temperature is below 120°F and
the pressure difference across the pump is below 20 psi.

The system is now ready for additional test runs.

I-2
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Appendix J

PUMP-TURBINE-MOTOR PACKAGE STUDY
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Appendix J

There are two basic types of hydraulic turbines. One type, for ex-
ample, the Pelton wheel, converts the entlre head into velocity so that
the fluid is at discharge pressure prior to entering the runners of the
turbine. In this type of turbine the runner (wheel) is only partially
full of fluid so that its application to the refrigeration system is not
possible,

The other type, of which the Francis and Kaplan turbines are examples,
converts part of the head into velocity within the runner. The runner must
be kept completely full of fluid at all times. For the available head and
fluid flow in the weak solution line, the runner would be less than 2.5
inches in diameter and would rotate at speeds in excess of 10,000 rpm.
For the refrigerant line, the speeds would be about three times greater.
Such small size and high speeds result in lower efficiences, cavitation as
well as needs for reduction gear train and flow controls. In short, the tur- .
bine is not the most efficient or desirable way to regain energy from the
system.

The positive displacement hydraulic motor is much better suited for
energy recovery for the flow and head available in the refrigeration system.
Well designed units have an efficiency of 83 to 90% depending on type and un=~
like a turbine, this efficiency varies only slightly over a rather large
range of speeds and loads. Furthermore, flow or pressure can be controlled
independently by varying the load on the motor. This is due to the fact that
at zero speed, the flow is zero except for leakage (flow efficiency is related
to leakage) for hydraulic motors whereas the flow through a turbine is almost

the same at zero rotation as at operating speeds.
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In the present test system, the mass flow through the refrigerant line is
only 5.3% of the total flow whereas 94.7% of the mass flows through the weak
solution line. To achieve maximum energy recovery, it is obvious that the
hydraulic motor should replace the throttle valve in the weak solution line
between the recuperator and the absorber whereas the throttle valve in the
refrigerant line between the subcooler and the evaporator should remain. If
the motor is mechanlically coupled directly to the pump, the total mass flow
in the system will depend on pump speed and density of the strong solution as
it passes through the pump.

The use of a fixed displacement hydraulic motor located in the weak solu-
tion line and coupled directly to the pump assumes that an absorption
refrigeration system can operate effectively by close control of the pressure
drop between the condenser and the evaporator by use of a throttle valve in
the refrigerant line. The volume flow through the refrigerant line would
then vary not only with pump speed, but with temperature variations at the

motor and pump.

If this situation is not compatible to the refrigeration system, a
varisble displacement piston motor can be used. In this manner, mass flow
can be controlled independently of speed. The penalties imposed by use of
a piston motor are an increase in weight by possibly three to four times and
a more complicated mechanism both in the control mechanism and motor. Another
option is to place a small by-pass line with controlled throttle valve aroumd
the motor. This would impose a penalty of loss of energy recovery directly
proportional to mass flow through the by pass.

On the other hand, if the hydraulic motor is used to drive an electric
generator instead of the pump, greater flexlbillty of control is achieved.
Better control is achieved because either the flow or pressure drop can be
controlled independently of any other element of the system. For instance, if
a motor-generator set is placed in both refrigerant line and the weak solution
line, either can be chosen to control the pressure drop across the condensor
and evaporator whereas the other can be used to control mass flow. If it is
desirous +o control the mass flow through the refrigerant line, then the
rotational speed can be monitored and the field coils of the generator can be

J-2
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controlled to load the motor as necessary to maintain the desired speed.

If this mass flow must be some ratio of the mass flow through the pump, then
the speed of the pump can be monitored and the resultant signal can be used
to control the speed of the motor. The other motor generator set is then
used to control pressure in the system simply by controlling the field coils

in relation to the measured pressure differences.

In comsidering angular momentum it can be stated that the electric motor—~
punp unit plus the fluid in the system can induce angular momentum changes in
the space station during changes in operating conditions. By Jjudicious design,
it is possible to minimiie or eliminate these effects. The hydraulic motor
generator units provide flexibility in this regard as the angular momentum im-
parted to the space station by these units can be used to counterbslance the
angular momentum created in the other parts of the system.

The use of generators requires controls and conditioning of the energy so
that it can be stored in the storage batteries of the station. It is estimated
that the stored energy will be sbout 65% of the energy saved by the direct
coupled method.

Weight increase as a result of motor-generator sets has not been investi-
gated, but a few facts are worthy of comment. First, the size and weight of
an electric generator of a given output depends upon rotational speed of the

armature. The higher the speed; the smaller the sige.

In addition, DC and AC generators must both be considered in order to as-
certain the adventages of each for the application. If an AC generator is.
used, then the weight of a rectifier must be added. The entire question of
size, type and control methods must be investigated in order to arrive at the

proper course of action.

J-3
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The question then becomes one of development of a hydraulic motor-pump-
electric motor package. It is recommended that this package be considered
for development and use in the weak solution line between the recuperator and
absorber if two conditions are met. These conditions are 1) the hydraulic
losses in the other components of the system are below a predetermined amount
and 2) the control system necessary for the successful use of this package is

compatible with the operation of the refrigeration system.

The rationale for these conditions are:
1. The hydraulic motor will reduce the electrical power demanded by the pump
by about 68% if there are no hydraulic line losses or losses in the absorber.
Figure 43 shows the relation between percenﬁ power recovered in terms of the
electrical power required at the pump and the sum of losses of all other com-
ponents in the strong and weak solution lines. The minimum acceptable per-
cent power savings will determine the maximum permissible pressure losses. If
the losses are less than this amount then the development of the package is
Justified.

2., The use of the motor will, of itself, not create the required pressure
difference in the system, but will only meter the flow. The pressure differ-
ence between the condenser and evaporator can be controlled by the throttle
valve in the refrigerant line. Thus, pressure in the system is controlled by
the throttle valve whereas flow is metered by the motor. If the refrigeration
system can operate successfully with this control method, then the package
should be considered.

J-k
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Appendix K

NOMENCLATURE
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=% P o0 & o o oW

g.

NTU

Pr

Appendix K

boiling number

fluid capacity rate
specific heat

diameter

hydraulic diameter
mass velocity of fluid
film coefficient

thermal conductivity
length

mass flow rate

number of transfer units
Prandtl number

heat rate

Reynolds number

latent heat of vaporization

area

overall heat transfer coefficient

velocity

weight fraction of vapor in liguid

Lockhart & Martinelli parameter

K-1
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Greck

At temperature difference

€ effectiveness

“w viscosity

p density

@ parameter defined on page H-2
Subscripts

g gas

i inside

L,f liquid

m log mean value

min minimum

o outside or hot wall

8 ‘strong

w weak or water

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



HUNTSVILLE RESEARCH & ENGINEERING CENTER » P. 0. BOX 1103 WEST STATION « HUNTSVILLE, ALABAMA = 35807

MISSILES
& SPACE In reply refer to:
COMPANY LMSC-HREC D225034

14 April 1971

National Aeronautics and Space Administration

George C. Marshall Space Flight Center

Marshall Space Flight Center, Alabama 35812

Attention: A&TS-PR-M

Subject: Contract NAS8-25986, Submittal of Interim Report

Gentlemen:

Enclosed is the Interim Report as required under the subject contract, Your
acceptance of this reéport by return correspondence is requested.

Very truly yours,
LOCKHEED MISSILES & SPACE COMPANY

Chrn g, 4}(%(/‘){ //{/i«..
L

i/ K. Eckert, Contracts
Huntsville Research & Engineering Center

JEE:pgp

Encl: LMSC-HREC D162909, HREC-5986-1, "Evaluation of Absorption Cycle
for Space Station Environmental Control System Application," — Interim
Report, Contract NAS8-25986.

cc: DCASO, DCRA-DBGHP (D. W, VanBrunt)

Distribution:
See Attached Page

A GROUP DtVISION o F LOCKHEED AIRCRAFT CORPORATION



-2- "LMSC-HREC D225034

DISTRIBUTION LIST FOR TINAL REPORT UNDER CONTRACT NAS8-25986

Name & Address Number of Copies
A&TS-MS-1L 1
A&TS~MS-IP 2
A&TS~TU 1
ASTS~PR-M 1
S&E-ASTN~PLB, Mr. Robert Middleton 25
S&E~ASTN~PJ, Mr. Dale Burrows 1
S&E~ASTN~RRI, Mr. Ronald L. Young 1

NASA/Assistant Director for Propulsion

Washington, D. C. 20546

Attn: Mr. A, 0. Tischler, OART,

Code RI 1

NASA-Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Mr. Irvin Johnson 1

V//NASA Scientific & Technical Information Facility
- P. O. Box 33
College Park, Maryland 20740 1

Jet Propulsion laboratory

Liquid Propulsion Section

4800 Oak Grove Drive

Pagadena, California 91103

Attn: Mr. Robert Rose 1

NASA-Manned Spacecraft Center
Houston, Texas 77058 :
Attn: Mr. Cecil Gibson, Code EP2Z 1

NASA-~Langley Research Center
Langley Station
Hampton, Virginia 23365 1

Mr. R. W. Shivers
Headquarters, Atomic Energy Commission
Germantown, Maryland 20767 1

Dr. L. D. Russell

P. 0. Box 85

University of Tennessee

Chattanooga, Tennessee 36403 1



